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1.0 INTRODUCTION

This report presents the results of the Phase II, Detail Design activities
for a Prototype Depioyable Large Area Solar Array Supporting Structure
conducted by the Ryan Aeronautical Comp.ny for the Jet Propulsion Lab-

oratory under Contract No. 951107,

The purpose of the Phase Il program was to extend the array concept as
e¢stablished under the Phase I activities to a detail design, prepare engine-
ering drawings and specifications and to conduct supporting technical
analysis to insure conformance of the final design with the desired contract

objectives,

Section 3.0 of this report contains a functional description and illustration
of the major elements of the array and the proposed installation of the
array to a hypothetical spacecraft. Sections 4.0 through 9.0 contain sup-

porting technical data.




2.0 SUMMARY

The design, technical analysis and preparation of engineering drawings

for a Deployable Large Area Solar Array Support Structure have been

accomplished in accordance with the Phase II (Design Phase) require-

ments of JPL Contract 951107. The final configuration reflects in

detail the concept selected at the conclusion of the Phase 1 (Concept

Evaluation Phase) activity‘. No major problem areas are evident that

indicate the inability of the design to fulfill the functional objectives of

the program.

The following is a summary of structural and thermal characteristics

of the design as compared with contract requirements.

The calculated

structural weight based on substrate unit area is greater than contract

requirements, but reflects a design which is based on controlled

tolerance sheet thicknesses, reliability in fulfilling mission require-

ments and the use of present state-of-art materials,

Actual Design

Contract Regqm'ts

Solar Cell Area/Panel 51 ft &

Approx. 50 ft°

Structure Weight Per
Unit Area of Solar Cells .417 to .462 lbs/ft:2

-

. A

<. 31bs/it*

- Static Requirements -

Substirate Radius of Curvature 6 in. min.

6 in. min.

- Dynamic Requirements -

Angular Change of Solar Cell Sub-|

strate/unit length

<1 Degree/in.

Variation in First Mass Moment

i

of Array and Support Structure,

for Stowed Position ts. 1% < tS%
Undamped First Cantilever r
Frequency of Deployed Array "
Structure l’ 0.55 cps Between 0.5 & 5.0 cps




i Contract

i Actual Design Requirements
Variation in Ratio of Stiffness ;
to Mass of Deployed Array
tructure ; t-&. 3% < j-10%

- Thermal Reguirements-

Resistance to Sterilization 30001-‘ 295°F

Emissivity of Rear Surface

of Substrate .90 >.8




3.0 DESIGN DISCUSSION

5

igure 3-3 and in detail by Ryan

h’

. . - oL v o P T N
ine array concapt, shown schematicallv in

Crawings 206V001 througn 208Vol3, is Cesigned to deploy a minimum of
200 it~ of solar cell area. This areca is divided into four sections o1 approxi-

mately 50 1t 7 ¢ach. These sections, which are approximately 3 ft x 18 ft,
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as deployabic solar panels. The panels are deployed
and supported by extendable beams. The beams and solar cell substrate
are stowed on a cylindrical drum which is driven by an electric motor to
Ceploy or retract the solar panels. The bupport beams are designed to

iatten as they approach the drum thus m ing wrapping possible.

The individual panecl and support concepts presented here will be divided
into seven basic areas for purposes of discussion. These areas are:

Support Beam

i

Substrate

Support Structure

Actuation

Zlectrica. Provisions
These arcas arc discussed individually in the following pages. This dis-
cuS S 111 bBe lipniter e scrints f the final desi ; h -
CussSion wiid De limited to a description of the fina e€sign since the pre
liminary development report (Reference 8) explores the history of the

design and substantiates choices made.

3.1 Support Beam (Reference Ryan Drawing 208V007)

B¢ Cross-sectional shape of the beam and substrate attacahment is shown
diagramatically in Figure 3-4. The entire assembly is shown in detail on
Ryan drawing 208V007. The top and bottom sections are identical except
i0r the substrate attach sirip which is seamwelded to the lower portion, and
the¢ doubler strips which are atiached to the inboard end of the top section.
Both secctions are joined as incicated at their fa aying suriaces by seamwelds
along the entirc lengtih. The inboard end of the beam assembly is deformed
to a flat surface and permanently held in this shape by seamwelding the two
Caps together and adding a doubler. The reason for this end design’is to
facilitate attachment to the drum by providing a preflattened beam assembly

4




wiich will mount dlush with the substrate storuge érurmn. The outboard
¢nG 0L the beam aitaches direcliy to a cross member leading to the beam
O thm o ey 51t e OF the sarel oo corvaivisge R TN ha - : = }« 13

Cn ihc Opposiie enc 04 the panel assembly. L lL.c¢ substrate attach strip
mentioned previously contains precisely located slots which will be
conirclled with respect 1o mating slots in the sub -'rate and opposite hand
veam. This control will be accomplished by mear. of coordinated tool-

ing. The purposc of tucse siots is part of the scheme of substirate attach-

»e

nent to the beam. A formed sheet metal part containing fingers is inserted

[

. : ‘ . . . o

nto these slots (Ryan Drawing 208V(0i2). The fingers are bent 90" to
accorrnplish fastening and the part then forms a connector with sufﬁ%ent
flexibility to follow the rolled assembly and sufficient strength to transfer

the loads from tne substrate to the beam.

he material used for the beam was . 006 sheet Ti 6AL-4VA. The beam
will be formec by first scamwelding the ilat upper and lower halves
together. A tool will then be inserted between the two layers to expand
tne sheets to required height and control the curvature of the upper and
iower surfaces. Forming tools will next be placed on each side of the
section 1o compiletely control the shape of the section. The entire assem-
bly of presiressed beam and forming tools will be heat treated as suf-
ficient temperature and for sufiicient time to allow the material of the
Deam 10 creep to the shape set by the tools. Aiter the assembly is cooled,
o

tiic tools are removed without changing the shape of the creep formed beam.

The beam is stowed by rotating the substrate storage drum which reels
i1 the beam. Pressure from the drum causes the beam to flatten in suc-
Cessive ciement lines as the two parts contact at the drum tangent point.
The longitudinal bending strength of the beam is greatly reduced in the
flattened arca and easily conforms to the shape of the outside dia. of the
urum. As the direction of drum rotation is reversed, the pressure on
the beam is removed as each element passes the tangent point and the
beam returns to its original shape. It should be noted briefly here, as
expiained {ully in Kceference §, that the beam design is a balance between

cam Cross-scctional siiape ana material thickness and strength that will

o’

proGuce tne required beam properties but is still capable of deforming

to a ifiat confijuration without permanent set.
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noe Ryan Drawings 208V005 and 208V013)

Iwo versions of substrate construction ars shown on the referenced draw-
ings. Drawing 208V005 shows the subsirate civided into four modules with

provisions for attaching. Drawing 208V013 show. a one-piece substrate,

1

Each of these configuratior . will be described herc but the one-piece sub-

w

trate will be presented vniy as an alternate.

The basic material of the substrate is #113 resin impregnated fiberglass

cloth. The major portion of the module is .003 inch thick. Areas .50

-

inch wide along each side are built up to . 012 inch in thickness. Slots

)

are added in these areas to accommodate the previously explained method

of connccting to the extendable beam, (Section 3. 1}. The ends of the
substrate are provided with piano-type hinge halves which, by the use of
& Libergiass hinge pin, accomplish the atiachment of one module to another
and to the outboard cross beam..The inboard end of the substrate is term-
inated by adding a 1/8" dia. fiberglass rod along its width to reduce the

»Ossibility of handling damage.

The back surface of the subsirate coatains 1/2" dia. pads for protecting

tie iragile solar cells. The pads are made from silicone foam and faced
with . 002 inch tiick tefion sheet, Four of the modules attached end to end
by the use of removable 1/8%dia. {iberglass hinge pins and secured to the
extendable beams by sheet metal connectors (Drawing 208V012) provide the
suriace for mounting tweive 18 x 34 solar cell groups as required by JPL
specilication. This area accommodates 51 ft” of solar cells/panel as a

minimum. Addits

onal space is available on each module for mounting cells
. L .2 . .2 .
in the amount of . 33 it or 1.53 {t /panel or 6.12 ft per array. Approxi-
" :
“

mately 3§

(o}

farea is available per panel also by extending substrate from
the present inboard end still further inboard to meet the drum. This

. . . . A
would provide 4.35 ft /panel or 17.4 {t” per array.

As the beam and substrate storage drum rotates and retracts the beams,
the attached substrate foliows the beam and is wrapped around the out-

side of the drum for approximately six turns and is stowed in this position

O\




until the deployment command reverses this process and extends beams

anaG substirate.

3.2.2 Cunitirnnous Sheet Sul.ste ‘e (Refernece Ryan Drawing 208V(015)

This substrate is also construct.-d from .003 in. resin-impregnated fiberglass
cloth., Damper puads of identicui material and pattern as described (Sec-

tion 3.,2.1) cover the rear surface of the substrate. The width is extended

to provide .20 in. overlap on the beam attach surface for use in bonding
directly to the beamn strip, The outboard end extends to overlap the out-
board cross bewm and bond in place. The inboard end is unattached and

.. 5 -

s stiffiencd by a 1/8 " dia. {ibergluss rod laminated into the fiberglass

[N

oth.

@]
[

3.3 Roiler Drum

The outsice of tine roller drum is set by JPL specification to a minimum
of 1 ft dia., since the minimum bend radius foir the substrate is limited
to o inches. The drum consists of a cylindrical . 025 sheet magnesium
5Kin 43.1 in. long. Approximately 30% o1 the arca o
by ligntening holes. The skin has an access coor provided for electrical
harness access and also attach provisions for the extendable beams.
Xach e¢nd of the drum asscmbly is fabricated from a ho'neycomb sandwich
flangced at the O, D, 10 provide rivet attachment to the skin. A machined
aesium hub is mounted at the center of this sandwich at each end and
supports the static and dynamic loads of the drum assembly. These hubs
act as an axle for rotation anc transfer loads to the support structure.

ne area of the drum which supports the beams is reinforced at one end
by an . 025 magnesium stificner and at the other end of the drum by an

nesium bulkhcad which also acts as a guide for the electrical
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provides the method of driving the drum.



3.4 Su:

sort Structure {Reference Ryan Drawing 208V000)

Zach ¢nd of tic roller drum is encompassed and supported by a mag-
nesium sheet metal structure defined by the referenced drawing. This
structure serves aiso as a housing for leaf spring loaded rollers which
restrain the beam (Section 3.5). Mounting busses are attached to the
sides of the asscmbly for tne installation of beam support guides (Ref-
crence Ryan drawing 208V004). Flanges are used on the outside
suriace of the structure to provide for mounting the assembly on the
spacecrait and a4 screw hole pattern on the left-hand assembly is pro-
vided for installation of tiic drive motor {Section 3.5). The outboard
end of cach assembly is constructed as a torqgue box by tieing the two
sitGes together with bulkhceads., This part of the assembly transfers
ioads, imposed by the extended bearn, 10 a Cross beam which ties the
lwo asscemblies togetner and furnishes a good load path. This cross
beam, which is permanently attached, and three other hat section beams,
which arc removed aiter the assembly is installed in the spacecraft,

are shown on Ryan drawing 208V(01.

3.5 Actuation Sysiemn

The primary clements in the actuation system are: deployable beam,
rolicr aruin, spring roilers, beam guides, drive gears, drive motor
and gear box unit anda shut-off switch. The construction of thg major
items is expiailned in other sections but the forementioned elements

will be brought together here to describe their functions as an integrated
system.

The rolier drum mounted in bearings is the assembly that attaches to
the beam and actually pulls the beam in for retraction or will push the
beam out {or c¢xtension. To accompiish this action the drum is rotated
on its bearings by the drive motor working through a spur gear which

1s attached to one end of thie drum assembly. To start the retraction
cycle, the motor rotates the drum which puils on the attached beams
and causes the beams to start wrapping around the drun. This wrap-
ping must be prececded by a cnange in shape of the beam cross section.

Tais change in shape is caused by the pressure of tne drum upon the

co




&°

é

beam at the langent puint as previously explained in Section 3.1. Further
rotation of the drum causes the beam to be pulled through the guides until

approximately 5 1/2 revolutions accomplish complete retraction.

The position and extension direction of the beam is determined by beam
guides (Reference drawing 208V004), which are si.aped to the contour of
the beamn at the transition area. These beam guides must react loads
imposed by the beam at full extension and also follow the changing
position of the drums tangent point as successive layers are added or
removed. The guide is pivoted at the outer end to accomplish this posi-
tion change. A cross shaft which is rotated by the beam travel on a
iriction wheel causes rotation of a cam support (Reference drawing
206V304-59 and -60) and provides a means of reacting beam loads at

any position along the tctal travel of the beams.

The guide (Reference drawing 208V004) is fabricated from resin impreg-
nated fiberglass cloth laminated to . 040 thickness and reinforced by
mugnesium formers. The friction of the faying surface is reduced by

apploying a liner of .020 teflon.

During retraction, friction in the system will have no adverse effect on
the beam wrapping characteristics since the pull of the drum on the beam
causes a tension condition in the wrapped layers and no buckling of the
beam wili occur. Extending the beam by reversing the motor rotation
and therefore the drumn rotation will cause the drum to push on the flat-
tened and coiled beam which is stabilized radially on the drum.

]
Spring ioaded rollers are used to furnish the radial support and are
located 22 places around the circumierence of the coiled beam. The

rings are icaf-type .012 titanium sheet and the rollers are epoxy

v.
o 't

coated magnesium, (Refercnce drawing 208V006-3). The reaction of the

fo

ow-friction roilers holds the beam tightly coiled preventing buckling

and allowing extension.

The drive motor is a D.C. unit with an integral jlanetary gear reduction

cage, The motor ;v ;5 12,000 RPM and the speed reduction ratio

of the gear box is 639.9. The gear box output shaft Ri’'M = %’—9—0—%9 =



[op]

C o e oy -~ . ‘ D § (A
A8.75 RPM. Tue ratio of drive pinion gear dia to spur gear dia is — =

75

3 Py »
PO, —— R . x8.73
13.35:1. This produces a roller drum RPM of +ot2 = 1.41 RPM and
‘ 13.35
a lineal beam extension rate of 4.43 ft/minute. The torque capability

of the motor is 1 in-oz. The torque multiplication ratio of the gear
box is 202 in.-o0z. The torque multiplication from the drive pinion
gear to the sput guur is 13,35 x 262 = 3,498 in-0z. or 219 in-lbs of

torque is supplied to the roller drum.

The motor is furnished with ball temperature bearings and the gear
train lubricated with G. E. versalub G 300. A radio noise filter is
provided in the cable. Magnetic shielding is available by the use of

a conetic material if later required but is not furnished on this unit.

The maximum in and out position of the beam is sensed by a shut-off
switch assembiy (Referciice Ryan drawing 208V01l1l). This assembly
consists of aiuminum tumblers which allow the roller drum to turn
through 1990° before actuating a double throw micro-switch to shut

off the motor.

3.0 Klectrical Provisions

An electirical swyout was made using the available area and geometry
of the structure shown in Figure 3-3. A general description of the

buiidup is as follows:

i. The solar array consists of four blades

2. Zach blade consists of four 55.8 x 36. 64 panels

3. Zach panel consists of three electrical strings (cell
Lroups)

“. Zach string (cell group) consists of four electrical
mocdules

5. Each electrical module consists of 22 submodules

6. Each submodule consists of ten 2 cm x 2 c¢cm cells

7. The eiectrical connactions are ten cells in parallel

and 88 cells in series for each string
8. ach string is terminated with four blocking diodes,

as shown below: .

10
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With the cells co

nnected as described above, electrical characteris-

tics of each cell group are as follows, for the conditions noted:

The quantitic

oW

N

o

.

500 . . . ; 2 ..,
At 28 C and rated power input of 140 mw/cm® with a 10%

efiicient cell - 40.48 VDC @ 1.156 A= 46. 8 watts output

At 59°C and rated power input of 140 mw/cmz with a 10%
efficient cell - 37.31 VDC @ 1.156 A= 43. 12 watts output

Submodules
Moaule

Cell group (string)
Panel

Blade

Solar array

. of cells required for the previously described electri-

10 cells (all parallel)

220 cells (22 in series)

880 cells (88 in series’

2,640 cells (3 strings in parallel)
10,560 cells (4 panels in parallel)
42,240

The power outputs for these units are:

Notes;

1. Cell group 43.125 watts
2. DPanel 129. 375 watts
3. Dlade 517.5 watts
4. Solar array 2,070 watts
Tiie subsiratc area voquired is 205. 4 ftz
The cell area requived is 188.9 ftz
Packing factor = 91.9%

The number of cells per s ft = 206

Individual cells area incluning spacing = . 664 in

11
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The forcgoing iayout was investizaled to check the feasibility of the
geometry to procuce 2,000watts. The 2,070 - watt output of this lay-
out proves its feasibility. tis electrical design is submitted as one
whicih 1s compatibic with the selected mechanical design and space-
~ . - Lo ‘ -
crait cicctrical requirements using the specified 18 x 34 modules.
Additiona
2

217.4 1t” as noted in Section 3. 2.

l area is available with the preseat design to a total of

The method ol providing for the rotation of the drum in routing the
harnesses outside the panel assembly and attaching to a fixed point is
shown on Ryan drawing 208V008. EKight #22 wires are attached to a
fiberglass strip which will serve as a spring carrier. This flat
harness is spirally wrapped around a spool inside the drum assembly
in a retainer, created by the placement of structural bulkheads in the
drum (Section 3.3). One end of the harness is terminated in an
eicctrical connector secured to the drum. Access to this connector
may be obtained by removal of the access door in the drum. It is
here that tne electrical feed from the cells is connected. The oppos-
ite end of the harness feeds through the spool and is secured to the
panel assembly support structure. An electrical connector is also
provided at this end of the harness for connecting to the spacecraft.
The spool, previously mentioned, has its position permanently fixed
by insertion of a plug (Reference druwing 208V006). This same plug
is uscd to wind the spiralled harness to a compact coil for its

stowed position so as to eliminate vibration problems during the
boost phase. When the panel assembly is deployed, the rotating drum
causes the tigntly wound spiral to unwind gradually during the 5-1/2

turns of the drum. Retracting the panel reverses this process.

3.7 Mounting Provisions (Reference Ryan Drawing 208V002)

The referenced drawing illustrates four solar panel assemblies
mountucd in one plane. The 52-inch dia. circle shown as spacecraft
structure was JPL design criteria as set forth by JPL drawing

J4190680. The mount structure, which adapts the solar panel

12
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Ssc¢imbiics 10 this dia., is shiown on the referenced drawing. This

truciure is riveted cunstruction and is fabricated from .032 mag-

&

nesium sheet. Design of the part was dioocted to reducing deflect&n
YO & ominimum since i was important to miaimize the dynamic load
amplification to the | .nel assemblies. Th, . was accomplished by

closed intersecting to . ue boxes which serve to beam the load from

adjacent pancl asscmoiies to a cantilevered torgue box which trans-
fers the load to the spacecrait. The mount can be readily under-

stood by referring to drawing 208V002. A machined fitting at the
base of the mount provides a bolt pattern for attachment to the

nacecrait.

4]

Panel assemulics are installed on the mounts by mating the channels
on cach part and sliiding the panel assemblies inboard until the bolt
patterns align. Attach boits are then installed to complete the

structurai tie.

13
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4.0 DESIGN CRITERIA
Thae design criteria utilized in tive detail design and analysis of the Deploy-
able Large Arca Solar Array Siructure are taken in whole from the data

and information presented in the Statement of Work of the pertinent contract.

a.1 Coniiguration Design Criteria

No provisious shall be required on the array structure to support unre-
lated spacecraft components such as power regulating zener diodes,

cold gas attitude control systems and/or vernier solar pressure vanes.

Ouring the launch phase, the array structure shall remain within the
envelope snown on JPL Drawing No. J-4190680 (Sheet 1). This draw-
ing reflects the available packaging regions for a broad range of typical
Mariner spacecrait systems under study for use in the 1969 - 197X era.
The drawing depicts a standard Surveyor class shroud on an Atlas-
Centaur vehicle. The spacecrait is arbitrarily defined to be an octagonal
irame, {ifty-c¢ight inches across on the major diagonal. Primary array
structure attachment to the spacecraft may be accomplished along any

of the corners or vertical edges of the hypothetical spacecraft frame. ‘

The basic array structure snall be designed to have a minimum number

9]
re
£,

iifferent components. This requires that the total array structure

be composea of not more than four sub-elements or panels.

Total available surface for solar cell mounting shall be between one
hundred {ifty and four hundred square feet. For initial planning and
conceptual study purposes, a target area of two hundred square feet
shall be assumed. The geometry of the array structure shall be based
upon a rectangular modular solar cell array of 18 inches x 34 inches,
having a weight of 0. 30 pound per square foot. This weight shall

include cells, filters, modular wiring, and secondary cabling.

Any mechanical latch points or devices located on the cell surface shall

not shade the solar cell surface when the array structure is oriented

19
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nder the nypothetical environmental conditions set forth in the Environ-

mental Criteria for a useful life of cighteen months:

1. The array structure shall have the capability of surviv-
ing normal ground handling during fabrication, assembly,
Gualification testing and storage. The array structure
shall also have the capability of being repaired when
subject to minor damage.

2. The array structure shall have the capability of surviv-

[N

ng aii dynamic loads, including transportation, cruise
ou

g}

oursc correction, and retromaneuver at planetary

7]

ncounter. It is impilicitly assumed that the array

structure will be in the undeployed configuration

during launch and in the deployed configuration during
course correction motions. Depending upon the nature
of the array structure (deployed or undeployed), either

onfiguration may or may not be used during the retro-
mancuver. Tae retromaneuver thrust shall not be used
to initiate or power the retraction, if required, of the
array structure. Upon the completion of the retroman-
euver, the array structure shall be in the deployed con-
figuration suitable for power production.

3. The rear surface of the array structure shall be designed
1o minimize heat radiation traps in order to minimize
lccal {ront surface hot spots.

4. All array structure components shall have provisions for
pressure cgualization between internal elements and the
external flight environment.

5. To preclude real or potential degradation of the solar cells
mounted upon the array structure, the curvatures induced
in the cells shall be limited as follows:

a. The radius of curvature of the undeployed or stowed

array structure shall at no time be less than six inches.

- rr v

b. Under dynamic conditions, the angular change of the

20



cell substrate per unit iength shall be less than 1.0
Cegree/inch.

To avoid servoelastic coupling of the array structure and hypo-
theticul spacecraft control system, the inertial and response

characteristics for the array structure shall be as follows:

a. During powered {light (boost, retro), due to allowable toler-
ance variations in the fabrication process, the first mass
moment of the array structure (undeployed or deployed) shall
vary less than 5% as measured about the spacecraft center-

iine (boost axis).

b. If deployed, the array structure shall further have the fol-

lowing characteristics:

1. The undamped first cantilever natural frequency of
the array structure shall be between 0.5 and 5. 0 cps.
2. The ratio of damping to critical damping in the first

o
cantilever mode shall be in the range .15 to 0.7,

3. In the first cantilever mode of the array structure, the
ratio of generalized stiffness to generalized mass (k/m)
shall vary less than 10% due to all allowable tolerance

variations in the fabrication processes,

€. During cruise phase (including course correction maneuver), ‘
the requirements shall be as defined in Paragraphs 6,b,1 and

4

o, b, 3.

Structural criteria given below are stated in terms of limit loads
(yieid design loads). Induced stress levels shall be computed for
all loading conditions stated in Paragraphs 7,a and 7, b. Critical
conditions shall be clearly identified and carefully evaluated.
Margins of safety on stresses induced by these limit design loads

as foliows:

2l
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Y

N -
M.S. = T 25(5.30) —1 =20

where

M.S. = Margin of Safety

L.S5. = Stresses resulting from Limit Loads
Y.S5. = Yield Stress

U.S. = Ultimate Stress

The yield and ultimate stress values shall be those for the appropriate

material as given in the latest editions of MIL-HDBK-5 and MIL-HDBK-17.

a. . Thermal Cycling: this cycling represents the effects of space-

crait orbit about a planet as well as spacecraft attitude reorienta-

tions associated with mid-course corrections. The design limit

thermal loads for this array structure are equivalent to the levels

experienced during the following test environment:

l.

-4
Pressure - The maximum pressure shall be 10 'mm Hg.

. h)

e background - The free space background or heat

I'x]

re2 spa

(@]

sink shall be simulated by a blackened wall having a total
absorptivity or greater than 0.80 at liquid nitrogen tempera-

tures, as viewed from the array structure surface,.

Heat Cycling - A heat input to the array structure surface

of 80 watts per square foot shall be held until temperatures

stabilize. The electrical power source shall then be turned

off for a 1-1/2-hour period The subsequent step changes in
elcctrical power input from 0 to 80 watts per square foot defin
the start of a cycle. Periods of applied electrical power shall

be for a 1-1/2-hour duration. Periods of non-applied ele-

es

ctrical power shall be for a 1-1/2-hour duration. (see Figure 4-1).

Tie array structure shall be subjected to 10 periods of applied

hcater power for a total test time of approximately 40 hours.

b.  Limit Structural Design Loads: the following table contains the

22



environment at the array structure-spacecraft interface.

under both static and vibratory criteria,

appiicable limit accelerations for use in the determination of
the appropriate limit loads. These accelerations define the

Pl i
The

array structure shall be checked for structural adequacy

Static and vibratory

loads arc it Lo be superimposed for design purposes.
Condition Static
Long. Lat.

a. Max. g & Mach. 1 4g 3g

b. Booster Burnout 12¢g 2g

c. DBooster Tailoff 2g 0

d. Cruise Maneuver 0.2g .05g

¢. Retro Burner 6g lg

Condition Vibratory
; Range Rate
: Level {cps) Minute/Octave

a. Max. q & Mach | - - -

L. Booster Burnout l.6g rms 2-20 i min/oct
4.0g rms 20-200 1 min/oct

Noise 0.2g 2/cps 200-2000 180 seconds

c. Booster Tailoff - - -

G. Cruise Maneuver 0 - -

e. Rectro Burner 0.8g rms 2-20 0.5 min/oct
2.0g rms 20-200 0.5 min/oct

Noise 0..2g2/cps 200-2000 180 seconds

Thermal Design Criteria

All components shall meet the following sterilization requirements:

i \ . . L. \ o
a. Withstand exposure to 3 thirty-six hour periods of heat at 145 C

(ZQSOF) in dry nitrogen {a total of one hundred eight (108) hours.

Withstand exposure to a gas mixture of 12% ethylene oxide, 88%

23




frcon gas for ten hours at a relative humidity between 30% and 50%.

The temperature at any point on the solar cell surface, as a function

of solar irradiance, shall e iess than the values defined in Figure 4-2.

This 1s a maximum temperature {or any position on the front surface
of the array structure. These teinperatures may be achieved by
requiring that exposed surfaces on the rear and edges of the array
structure have a total hemispherical emissivity of greater than 0. 80

in the temperature range of -30°C and 80°C.

The rear surface of the array structure shall be designed to minimize
heat radiation traps in order to minimize local front surface "hot spots",
Therrnal cycling represents the cffect of spacecraft orbit about a
planct as well as spacecraft attitude reorientations associated with
Cruisc course corrections. The design limit thermal loads for this
array structure are equivalent to the levels experienced during the

following test environment:

'Y

Pressure - The maximum pressure shall be 10-4mm Hg.

0. Free Space Background - The free space background or heat
sink shail be simulated by a blackened wall having a total
absorptivity of greater than 0.80 at liquid nitrogen tempera-.
tures as viewed from the array structure surface.

c. Heat Cycling - A heat input to the array structure surface of

80 watts per square foot shall be held until temperatures stabil-

ize. The eiectrical power source shall then be turned off for

a 1-1/2-hour period. The subsequent step changes in watts/

squarc foot define the start of a cycle. Periods of applied

elcctrical power shall be for a 1-1/2-hour duration. Periods
of non-applied electrical power shall be for a 1-1/2-hour
duration. The array structure shall be subjected to ten
periods of applied heater power for a total test time of approx-

imately forty hours.

4.4 fatcrial Design Criteria

The cell mounting surface shall be capable of being cleaned with solvents

24



or mild acid etching techniques prior to cell mounting.

The cell mounting surface shall be fabricated of or coated with a
inmaterial that is an electrical insulator. This material shall be
capable of withstanding the rigors of cell-mounting techniques.
This material shall survive and be c¢apable of repair, in the event
that a damaged or deiective cell mu~t be removed. The insulation
resistance shall be greater than 100 megohms, measured at a test
potential of 200 VDC between the cell mounting surface and any

mctallic portion of the substrate.

The use of any material shall be predicated upon the proven
apility of the material to withstand the deep space environment for

a time in excess of eighteen months.
All components shall meet the following sterilization requirements:

a.  Withstand exposure to three thirty-six hour periods of heat
at 145°C (295°F) in dry nitrogen, a total of one hundred eight
(108) hours.

b. Withstand exposure to a gas mixture of 12% ethylene oxide,
88% freon gas for ten hours at a relative humidity between

30% and 50%.

The exposed surfaces on the rear and edges of the array structure
snall have a total hemispherical emissivity of greater than 0.80 in

. o o
the temperature range of -30 C to 80 C.

Magnetic materials shall not be used in any of the array structure
components, except when array structure reliability is affected by

use of such materials.

.5 Weight Design Criteria

A design objective shall be to keep the weight of the array structure and
g J P 8 y

deployment mechanisms below 0.6 pound per square foot, including

25




solar cells, cabiing and wiring,

The solar ceil array shall have a weight of 0. 30 pound per square foot.
The weight shall inciude cells, filters, modular wiring and secondary

cabling.

26
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5.0 STRESS ANALYSIS

Aralysis is presented for critical loading/environment conditions only.
Analysis is based on average sheet thicknesses with the exception of
beam analysis which is based on minimum sheet thicknesses. Dynamic
loads are treated as static loads. Where vibration loads are concerned,
elastic buckling of any one element of a composite cross-section is
treated as an ultimate failure to assure that fatigue due to '"oil-canning®

action will be eliminated.

Design 1oaGo ue o o can o wre erdvd Leoan dhalit cecelerations given
i tae Jick ftotoaoo .t 0 wosits yaanice environiwent is not coupled with
Clacie susdd cavivowaseast (See Section 4.0),

Yicia Design Loads =— Limit

Ultimate Design Loads == 1.25 x Limit

5.1 Axial L»nad In Wrap Drum

~ The critical condition occurs during launch with the drum assembly,

on its supports, vibration excited along the longitudinal axis. A dynamic

transmissi 5:1 at 2/31 {f Z 300 cps)is considered for analy-

a
n 'n
sis. An excitation "g'" level of 4 rms in the 20-200 cps range is given

.1
«d

e

y o

in the design criteria. Temperatures are considered to be greater than

7501“. One hali total axial load is reacted at each drum end.

\rap Drum (.024 A231 B-H24 Magnesium) with lightening holes

—— —_—_———%
—rrg End Plate (12* Dia.zCz4-Ti-Al
— i Circular Disc..031" thicl:)
| 1 Q : Support Brg.
——
‘ ‘ Plate Hub
—_— Drum ’ s
: — - s R {Loads may be in
| Axis f— direction shown or
NE, opposite),
T
Rivet % t3 Honeyco:mb
Circle |

- —————— . Hone¢ycomb Skin
{.031 2024-T4-Al)

One End of Drum




rR=2la) 333 (42" L4l4x5) _ 470.8 1bs limit

Brg. thrust aliowable = 4000 lbs limit (Reference 1, Brg. No. B545)

Thrust Allow,

M.S. = R

-1 — HIGH

The axial load is transferred from the wrap drum to the support brg‘ by
a circular honeycomb plate. Radial moment restraint offered by the
wrap drum is considered negligible, allowing the plate to be analyzed as
simply supported at the outside edge and loaded uniformly along the inside
edge. Reference 2, page 198, case 14 is used for analyzing the plate for

stresses ana maximuim deflection.

2.5" Dia. ?"Dri
Rivet i
/ Cz‘;cle ! i 0(

B\ V B *
- T \,‘.:; 7 ’=;*~.i%‘w”,;',»r E - N. A.
i AN T '"——’ AR I
!

~ .03l 70

Dia. Hole
e 12" Dia..,D‘,l
-2 . 4,.
In.a. = .77x10 “in /m1

The thickness of a solid plate of equivalent stiffness is calculated as,

1/3 , 13
te:(lz I) = (l2x .77 x10 7) = .452 in

The maximum stress occurs at the inside edge of the plate. The equiva-
ient stress for the honeycomb plate is calculated as follows neglecting

moment restraint provided by the plate hub,

2
AN Dx)

) 3R ! 2(7/ \/;:+1) log\/"’z‘ +(1 __1> .35

SRS To R e M G
Wz - T
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M= —2I8 —1 (Using values given in Reference 3)

2G
7
e 10.6 x 10 —1 = .33
2x4x107
r
| _2 1_+ 12
3 x 470 2 2 33 1 2, 1 . 35
L = °g t33 — Yoz
¢ 4522) 1 —[Z5 (-79 . ¢ %242
\3"5) J_ _z‘ 2
f. = 363 r843 lo 48+203q (155)
bc_ L. g . . .

-
f = 363 L8.43 x .68124+ 2.03 ](1.55)-_—_4373 psi yield

F_ = 34000 psi for 2024-T4 Alclad Heattreated by user (Reference 3)

F
C "
__ Sy - 34000 _
M.S5.= 5 1 3373 l=+6.77

The above M.S. is large, however, minimum deflection is a prime require-

ment to assure small dynamic amplification factors. ‘

The maximum deflection of the honeycomb plate is calculated as,

2

a0 et ) e )
477Eavg(7“1_) te3 (—;—‘-+1> (i_—li@ (?22" K




[
3 x 470. 8& 3J)2 1] A @2 2. 5)2_1(3--—— +1
4 7rx 10.6){107{%{}2(452}3 (_“53"“ )

= 102.3x107' {86.22—1»12.97 (log 4.8)2}

F = 102.3 x 1077 {86.22-\‘-12.97 (.68124)° [ = .95 x 1077 in.

S

The deflection of the plate induces radial rotation of the wrap drum end.

b

5 "\¢ Deflection

Wragz Drum C
¢K (. 024 Mag.) urve
s\ ‘_—[4’(‘-::. ' ¢( &
,’i —ie— Jlate {Alum.)
(Aluarr. ) —?-{‘ E;
| b
g Axial Load

-  Axial Load

The magnitude of rotation is calculated using Reference 4.

e

avg e

KR — 1.06 by extrapolation
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12
470.8 \ 2~

Y= 1.06 x
10.6 x 107(.452)T

=.3 x 10-3 Radians =.018 Degrees

From Reference 2, page 271, case 11 the moment required to produce

radial rotation, ¢ » 18 calculated as,

3 r .25
E t , 2
Mo::.¢""‘““"g“av 2. X 3(5‘-/’()
12(1 — A7) | (Dl) 2
\z/ v

.25
, . 6 3 2
:.30)(10-3 N 6.5 x 10 xz(.024) x 3(1:.35 )
12 (1 — .35% (iz;_) (. 024) 2
M = 30x1073 5 6:5%10° x (.024) x 3.37 = 0. 36 in-lbs/in
o= x 12 x .8775 o=
The assumption that the outside plate edge has neglﬂigibie moment
restraint is valid.
Radial bending stress in drum end,
Mo 2 T (25)°
Bo=o2 o2 | 2= ) = 2zx =25 @3l
by D \ .

= 341 psi yield

The above bending stress is added to the axial stress in the drum end,

. R _ 470.8 -
o=y + D, = 3t 53
fo= 341 + 520 = 86l psi yield M.S. —y HIGH
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The radial bending stress in the end plate at the outside edge is less

Criticai than in the dram and therefore no stresses are computed. '

The axial load is transferred from the wrap drum to the end plate by 1

means of shear in rivets,

S

R — 41.25 % 470.8

Rivet Shear =

5 S

Let vibration shear allow. at endurance limit = 20% of static
brg. allow. (Reference 16) for 3/32 BB Rivet=(163 x 1.18) x .20
= 38.5 lbs.

38.5 :

p— o —1 = 2.13 :

M.5 = 133 + 2 ;

Axial load {when in one direction) is transferred from the end plate into ;

the support brg. through tension in rivets and shear in the honeycomb
core. Rivets are used to eliminate local peel in the end plate - honey-

comb core adhesive bond.

Map/ Honeycomb Core
Hm——y ,
i *’i—"/— End Flatec Bonded to Core
i
. g Rivet Circle
—i F:H_/_g
Vs Micro Balloon Core Fill

— Doubler }
- (é {>» Axial Load, R :
Drum
Rivet Tension = R = 1.25 x 470.8 = 58.9 lbs, ult,/Rivet

~ No. of Rivets 10,

Let vibration tension allowable at endurance limit = 20% of calculated tension :
allowable (Reference 3 and 13, page 167) =2 .20 (1.4 x 363) = 101.6 lbs. :

for 1/8 BC rivets,

101.6
M.S. = ETACH — 1 -+

212
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Maximun shear in L .AO..L‘/‘ GITNG COre Lo consiGered 10 o Ul oa o iNn,Gia,

circae,

)
pe

¢ — _— - G® ~d 1e
i = ~ i = Yai.0 DSi. Uit
s Siwcar Arca £=d -
Shear Aliowable, .= 110 ;»i. Reference 5) jor 3/16 Hexcell x
(imin)
- b -
3.1 1bs/it honeycomb core !
|
l$0 N
M.S. = ——— — i .20
9i.8
2.2 Torsion in Wrap Drum

The wrap drum is wesigned [0r (wo considuralions resuiting irom torsion
transferred over the drum icnglh between bearmns during substrate extension
and retraction. he torque design consicerations as set forth by the Ryan

Aeronautical Company are given as,

a. Torsional deilection shail be no greater than the allowable
fabrication tolerance beiween the subsirate-to-beam attach
Ciip anad slot in substirate of .005 to . 010 in. This con-"
dition is set forth so no shéar'is induced in the substrate
resulting in substrate buckiing and possible damage to

the solar celis,

b. Total lateral dispiacement of the substrate shall be less than

one-haif inch when in the extended position.

c. Wrap drum thickness shall be no less than .020 in. for handling

and fabrication purposes.

The preliminary development report suggested a wrap drum with 30% of
the surface arca reduced with lightening holes. Analysis is based on a
differential design torque resistance to wrapping of 66 in, - lbs. (See
Figure 11-1). Wrap drum temperatures are considered equal to beam

temp. (150015‘) with the substrate retracting prior to retro-rocket firing
35
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Torsion Deliectio

1.0n

2

ZZoe v {0y o x L0000 = il.4 in,

x 6=0.00056 in. on wrap drum suriace

/235 )
and al lateral cisolacenmoent 0f subst < 50056 i -.0034 in
aind Loldal 1ailra. Gisplacement O suLsirdie —m U, vUud - j_. Vi< in.

The {odowing cusve shows e relationsiip of torsion ceflectiion to drum weight
savings by (., varying ligaiening aoie dia, (2) varying hole pitch and (3) reduc-
ing sheet thickness. .
: w— Practical Limit by Varying
: : ~wolic Dia. or Pitch
.0 - »’f
! i .
» Varying Hole Dia. or Pitch
:‘ !
’ i
R ~
-
- /C/U N Reducing Sheet Thickness
<2 L
= !
: !
- | A 4 : —. . .
= f f 7 . 0 . i O T ‘
- G > iU 3 29 25 >0 35 40 45 50
S RS , b
Veisat cavings, %
Wrap drum torsion sirfuss anG clasiic buckliing aliowabies are calculated using

Reference 7. (Scciion ©.1.3 and Figure o, 3.1, mespectively).
T Yy N 6
; {i)T (4.42 X LD} X O - .
i = = —— = =3 psi ult
5 J di.a
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Tae plate ¥ & Q are retained by two {2 rivet

iii Goutle shcar,

ol a rivet joint.
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Rivet =
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(64
E

1/16 Alum. Rivet

F

Parts P & Q of the iront former react load @ 'A' (65.4") and the load is
, . . —- 5.4« ,
Gistribuied s snown. Thus P reacts = 32.7# & Qreacts 32.7%.

5
H

5 1n each part and the rivets are

eccentric loadingo

s the case fo g

"

consider G and iet the loac 1% act 2/3 dis. to E/ wnich

e =i.675, r,
A

yicld =192 ibs ult



Thc support is attached to the side plaie by two (2) 1/16* dia rivets

in singel shear

- - 1
vhoy ,
I O -
el -
pOKE

The case for eccentric loading of a rivet joint (Refercnce 2, page 297),

Q2 = Pe Ty /é rz where e = . 4, r, =.3, P=32.7, &

2
érzr.: 37 -+ .32 = .18
> . 2
5 oo=22-T XS X2 = 2184 yield = 27 lbs ult

M.S. —> HIGH

Part Q of the iront former may be considered as a beam fixed in part

i, as Q is riveted and bonded.

i-'—— E?_ — LetPAct@-zs- ﬁl'
P = 32.74 yicld |
P

- 7
Then take 1@ Xy

I~

M 1

an Whereb=.1 & h=.5

.I:Z =

[

<

I =.0010in"

v L

g2 4 -
= =% (Reference 2, page 100, case #1)
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.g at 250° F
3
. 32.7 % 1.3 Ao
LS N -_— P = PR o BaY = . 2 i .
T“‘(g 3x0.3x 1067 0 .06010 . 0C38 in

Beam analysis al open part of front former. The substrate deflection = .22
in. {See Section 5.11) and the ~: ostrate memb: ne stress induces a dis-

tributed load along the beam of .. 1 #/in ult {(Sce Section 5.11).

RZ -
Substrate_/

4€nsion s —
ec. - .4 ﬂ

The angle 5 due to substrate delection = .35° approximately. Thus, the
.. o 5 .
load may be said io act at 90 to é . Sec. A may be considered as a

beam fixed at both encs with a differential shear R1 and RZ'

r M é’z
Thend = 26.31._. (Reference 2)

) .

Let V= 3Rl which is 3" wide sec. of the substrate. This load will be

considered to act on a 1" sec. of the beam.
t=. 0065

M:‘-% (3xi.1x.15) = .25 in.lbs ult

1= (0065 = .23 x 10°°

2
§ = =25 () - = .020 in.

6 x 14.5x 10° x .023 x 10°°

. (2. 6x .25 - .
Then 1, = vl = ——"— = 35503 psioult
b . A
t (. 0065}

M.S. —p HGH 50



-3

The load at point B was shown to be 62, 2. 64 vyicld, but, this reaction may be -

|
|
|

and would by rcacted at former D4z

N
L

1
With > load (31.4#) on ea. former.

Each former may then be considered
in the same marnner as the front former.

it will be noted that formers
D & E are made of two parts, Y & Z, which are fixed at the & by 4 rivets.
Also, former 'D' is fixed to former 'E' by a channel 'C' at each end.

31.4 )
Then P::_-—-Z—-—- = 15.7# yield

L]

1
|
|
|
!
|
:
i
|
i
j

Iistaken@,@zz—l—lz- bh> where b=.05 & h=.5

1
y 2 , . 1 _ |
,{2 = 3 x 1.93 == 1,28 in. I:-:l—z—- {.05) (.5)3—- . 00052 in? 1\
) -
i
- PA (15.7){1.28)° IV |
=3E1 = - =.0026 in. -

{3}(6.3)(10°){. 60052)

15.7) (1.28) | ‘!
fs = 7 .(ooaosz)/( 2,2-8) = 9662 psi yield - | :l

o
~
C;)
o

M.S., = 9562 —~l=-+ .85

— s
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The load on the beam at 'B' is the same as 'A' less the solar cells

V/eight at sec. considered = total weight — solar cells = 5.7507# — 4.4694%

= .2817#

264 2

The loa_d density = mﬁ—)— = .000736 #/in. @ 1lg
. L. 2 ~

= .0001472 #/in| @ .2g

— .000184#/in% Ult
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“in the fundamenial moce of vibration.

s 1 Qadial

5.7 Wrap Drurn Subjected to External I

[Q)
e
)
e
"
44
(/3
[
[
o]
®

¥

This condition exists during launch if the stowed subsirate is excited
oads are derived from dynamic
alysis presented in Section 6.i. Tem; catures are considered to be

.20 S s . . X s
no greater than 75 F. Analysis is made « 'nsidering the condition when

s

n¢ five wrapped laycrs of substrate are vibrating in phase.

. cer s Spacing Support .
Simplified P P & ) ;_‘,,_, Layer Separation
Dyrnamic A~ g ; Strip Supports
Load 7 M b3 j : -
Distribution ' '

e
!
H
d Wrap Drum
Restraint v v
Load at
Support Del a Substrate

Between Supports

The resultant load at supports is calculated using the equation for sinu-
soidal vibration. If we consider a support spacing increase from 4 to 6 in,
f_ is reduced from 285 cps by the square root of the relation for beam

deflection.

>

- 1/2
L, T
i, — 285 L’\-é.) =— 233 cps, considexf 209 cps.

. . - . .’ . . -~ - -
Maximum dGeilection, g » is incrcased as foilows assuming no increase

in peak dynamic output acccieration,

7 6 ¢ . : ». .
G —.009 (4/ —. 046 in.

Then, output acceleration, g,

:of(?.\f)z _ . 046

{
3060 3

X 200)2

188 g ( 0-peak)

53

i

.'
:

|
4
B
i

.

e

;
;
E
<
:
E
:!
%




Resolving the ivad distribution into a uniform distribution,

2
P, lbs/in

i 6

7
= Wrap Drum
4
P= = (wg)= L (-—.3—. x 1.2’\‘ = .25 lbs/in.2 uit.
2 © 2 144 /

For 4 substrate wraup iayers vibraling in phase,
. . 2
P=4 x .25=1.0 lbs/in,ult
The aliowable elastic buckling of the wrap drum is calculated for . 025

AZ31B-H24 Magnesium Sheet {irst assuming no intermediate stabiliz-

ing rings. Analysis is based on Reference 2, page 318, case Q.

r, 6" ‘ :
” ‘ ; Deflected Moce
i ! Shape of Wrap Drum
; l End Ring
I
. / 3 N .2
Pcrz"‘ 837 x :t k 1 3) 'E‘p_ é — 807 x 6.5315 150x>6c.02:>: «
¥ AN — A4 T J : :
O - T 1/4
g 1 \ 3 025° !
Z 2 i
AVENEY. 6 §
- —
PCr = 0.99 Ibs/ir..z, which is reduced duc to the presence of 30% area
lightening holes as follows,
i/4 , 2
P =0.99 (.73(.7)"' =0.28 lbs/in,

cr



The required capability of the end rings to provide the support necessars
cl o p PA .

is calculatcd as,

I/ "y
= 1.0 (362'

5\
"/ ==19.3 1bs/in. uit.

P == 457 'bs/in.yield (Reference 8, page 132)

0.28
l.

= 1 — Negative

<

Therefore it is suggested that the wrapped substrate vibration mode

inducing this magnitude of external radial pressure be eliminated.

W

[
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5.8 Scbstirate Dofiection for Stowed Condition

This analysis is conducted to cdetermine if the 1/8 inch thick substrate
spacer strips are sufficient to prevent . ontact of respective substrate
layers or the inner layer with the wrap urum during dynamic excita-

tions, Solar cell damage could result if ¢ vntact were to occur.

The condition occurs during laurch vibration excitation at funcamental
irequency. The critical case is during the radial “"Breathing Mode™
f{or which aualysis is presented in Section 6.1. Temperatures are no
greater than 75°F. In-plane {(axial motion) of one substrate layer with
respect to another is ncgligible since attachment of the substrate to the

wrapped beams prevent this motion,

Analysis presented is based on a spacing of 6 inches between substrate
spacer strips. Radial loads and deflections for the modified spacing
condition (Section 6.1 was based on a 4 inch spacing) are presented in
Section 5. 7.

Quter Wrapped Layer:

The critical condition occurs with the two outer layers vibrating out of

phase. . cr o L - T

e Simplified ; 6" : -—!‘ -
Dynamic TiTT\ : . i '
Load Dast. 1; ®. ¥ v ¥ T ;,

T

Spacer Strip&<:§;"_;,
///

—— b,

3 Substrate
-{» Decflected Shape
J10;
66! 0[: L (substrate)| * Lf(Spacer‘
: Test Data “strig) J
.04
.02
G :

1 2 5 4 5 06 7 8 9 101112
Spacer Corapression, R/A, psi

th
(A}



l

7l

[

o\ PO B |
R= (2P} '\%Fiz x . 25){3)=1.5 lbs/Ig%*4! L1,

—

- o .5 2
i ¥ ] ! 4 i

= - ———— | ® =] -
A !1 XY ‘J Yv i .15 x 1 J
- . :

x 1= .74 in> A48

R—=212 2,03 psiul
Silicone Sponge A .74

Specer Strip

Then,

Inner Vibrating Layer:

The criticai condition occurs with the 4 wrapped layers vibrating in phase.

6n S | .
. "g Inner Vibrating
- ! - Substrate Layer
- ';7\ g
¢ 7

Inner Wragped
./ Layer

— .
S-I l ﬁ'—__—‘f{rap Drum

—
¢

LN r_’;}-——‘!
!" SRS
_\':?f o

:IGC 3 " : ‘OC a i ;
OC L& (zmbstrate)_j - (spacer strlp)_’

R = (4P) (%}:(4 x .25)(3) =3 lbs/3a%21 g4

A = .74
R 5 _ .
~ = 57 = 4.05 psi. ult.

- = ~ - . .
F=..0461+1.078] =.i241in.

g S e

__Pcermissable~ < in,




The above analysis shows that solar cell damage is evident for a 6 inch
distance between spacer sirips with the substrate vibrating in the radial
"Breathing Mode®. Therefore, it is suggesica iniat this mode be elimin-
ated by forcing the substrate into a frequerncy m.odie above the 200 cps.

sinusoidai vibration range anda iato the noise spec -~um range. This is

accomplishicd through the v of spot spacers as sanown in the following:

sketch.

Wrapped Substrate

Spacer Strips
Considered
in Analysis

VS T U O enems | geenw e

! 7 .5' Dia. Spot /

Spacers (Tyrica
Pattern) '



T - T P

Analysis is presented for launch environment. Temperatures are
considered no greater than 75 F., The bracket is desizned to limit
deflections for tse crit.cul loading conditions presentec,

This is necessary 1o vaiidate {he assumption used for dynamic
analysis that dynamic load transfer from the spacecraft interface
to the wrap drum is for a rigid body; ie. a dynamic transmissa-

bility. of 1.
Steacdy-state thrust load,

The static load V = 1/2 {(W}{g) where W is the total calculated

weight less the suppori structure.

380# Static

3807 Static

The V= 1/2  (35.6 + 15)(12 x 1.25) =380 Ibs ult

Due to the shape of the structure, it will be considered as a canti-
lever beam of nonuniform cross section. By the Maxwell-Mohr

solution, the beam is divided into ™ equal increments of 4 length

ST ) s , . :
and f= £ w\—-—:-) 4 where 4 is the deflection at the center of
© \ £ d
. M . , . ] o
cach increment., “= is taken at the center of each increment,
PR

and '~ ! represents the moment curve due to one pound placed at

the deflection point in question. By the application of matrix

|

- A Y.

e



algebra, the equation for ceflection at the center of any increment is,

(. ) o/ ‘)/M D, Y
&y = I { — :
O—‘_) LEI J( ; )
: [t
| -
5 A
i \\f
.
5. o A 3 Equal Increments
15. 0% _-1 of 5' each
-
— INCREMENTS —» 1 2 3
v ~
1 0 1 2 . 00005
2 @[}zA o o 1 < .o0022 JAN
3 0 0 0 . 00008
|

Increment | d(

; 00038
2 ; 00008
| 0
016 _
.0i4 {_4/__ Max. gr~ at Enc of Beam
01z N\ L %
| N ; —
N i :‘\\? ; g
010 LN 5 i

.003 !# s

.006 | ‘K;\
‘ PN ! l

. 004 ‘ | —\

.062 ! I~

i5.44134i211109 8 7 6 5 4 3 21 0 Inches
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- (2){38C}2.5)1.7) :

fb(po:‘mt S T 502 = 892 psi ult
o {23807 5T .

fb(p()int 2y 2. 44 3971 psi u.t

(2)(380){12. 5)(3. 6)

fo(point 3)= I1.11 = 3078 psi ult
[t \2
And Buckling Allowance = XE { — |
\/
5
, 6, (0647
= (8)(0. 5x 1(0 ) \-B—/
== 8520 psi
8520 ' -
S ettt — = lol
M. S, ==377 l=4+1.15

If we consider a condition when the wram drums are vibratin out of
?
phase in a fundamental mode, then, torsional shear is considered at

a
point 2. The torsional shear ,

§ == T - —?'_-— ot ntl ~ l
T s W
LLl

Where T == Torsional moment
¢ == Anglc of twist per unit of length
G

s = Sicaring modulus of elasticity

Gusset
;
|
h
| l
—_—t = . 064
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-~ SO T U S B S
4aC lotui tGrsionus wan 18 Luiken as,

Vo, o+ Vo= 0/4 (WiHE) T i/4 (30500 x 12,5 x 1,414 x 1.25)=685 lbs ult
i

V, = (WHg)=(9.8}{i x l.<l4x 1.25x ¢) =139 1bs ult

L

and V, -—.-V.) = V 1. = 085 + 139 — J24 lbs ult

Then T= (824){i0.625) =13,699 in.lbs ult -

S _ 13699 12699
s{at A) T (2N5)(3.42)(.004) —— 2188

Then = 6,261 psi ult

S _ 3699 15699
s(at 13} (2)(5)5.42)(.064) — 2.155

=06, 361 psi ult

2
The buckling ailowable == KE ;—/' and X ior torsional load ==11.7

0\ 2
Then at 'B* allowable == (11.7)6.5 x 10 ) ('050‘*> == 12461 psi ult

M.S.=—7p0p — 1= +.96 _*ﬁfu_ZSOTyp.

3

g |

2

7 / 1 '

rdvg =28 476 L5 & /?/ T
sl

4.30 %21 gu

A7
2 ¢3

2 Z h
3. 032)(5) (4. 3) \2.4 x 10

6> = .8 x 10-4radians

D, = - 052 .2'00.2 X .00571 = 0.52 x 10" *radians

, 5Y(.032% 1L G6 - )
@ = (3)(.032) 0 ﬁ) x 00571 = 0.37xi0 4radl::m:s
3

<X V->~1(3) (o)
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-4 -4 , -
= (.8 x 10 "J{2.34) (.52 x 13 }2.5A%~!.37x 10 2.56)=.0G043
gbdvg { i - { i ol X )=.00043

Thendc = {.0004{10.73}) = . {6 in,which is the t tal at tip of structure.
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5.10

Suvport Structure--Torsion Mode

This analysis is conducted to cetermine if the torsion mode frequency

is sufficiently high to allow a reduction if magnesium were used in

place of aluminum. An equal wel_ n magnesium sheet structure would

eifect f; as follows. Magnesium cor -wsion protection a. ects analysis

negligibly since it amountis to less than 2% of the weight for the sheet

thickness considered (See Figure 5-1).

DNin=

1/2
t
fMa . x Mag. x pAL.\ -1
“AL. t AL. zMag./
if tAL = .040 in, tMag. = ,062 in.

{equal weight)

05

B A LTS T T Sy >1/7‘ =257 incres
n=\ i0 040 i) = 25% increase

———

. T £ - P - PRI 1 -
The minimum {, to prevent modal coupling is fn(wrap drum) X Y 2

which is 283 c¢ps. The torsion moce frequency is calculated for the

aluminum siructure by application of the calculated torsion box section

properties givan in Scction 5.0. Analysis is simplified by resolving the

actuai torque box into a torque box of constant cross-seciions.

€

I

on J at this

14

3)__/3.13 \ /1403

L= T - L 2

v pola w87 L/ T \386.4 / 5.5 = .0075 lbs~-in~sec
2 = ———
5 = 3.3x107. -LZL

NI{:(
/"‘\ ia}

o

Pt

o -
2 [on)

4

N

O

fow

O~
ofs

Analysis Based

Axis of Rotation

4

Section 5.0 in.

e A et e ¢ e stk 4 o eare s i

e il i

4
;
:
3
3
#
i




¢ load carrying capability is not critical as was shown in the siress
scction. I the actual f, were 1/2 the calculated f,, due to less than full

fixity conditions at the spacecraft hus, the i, is aifected as follows by

substituting the aluminum with magnesium, 3

- e 1/2 -\
f:<__,_. > (6.5 __L__> __/83“/(;;=412c;>s

\10 . 005

12 4

o 1
i
i

o)

<

<

o]

-

S _

o) 8

Uw—*

v =

2w J

:_f’ 6 -

=

2~

- o

=5

5 & R

e .

c S

O s 2 B3
o
> -©

‘ ¢ :

0 .010 . 020 .030 . 040 .050 . 060

Magnesium Sheet Thickness, In.

Figure 5-1 Added Weight of Magnesium Corrosion Protection
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5.11 Lateral Beam Dending

This condition occurs during the .23 steady-stute acceleration normal

to the substirate plane during cruise maneuver o ween Earth and Mars.

o \
1. .n 2HhY F, substrate

Beam temperatures are considered no greater

. . \ N .
temperature is considerca - 0 sreater than 150 & The normal plane
loading condition induces a ..-i~rai load in the bea.iis with the substrate

acting as a diaphragm. The magnitude of the lateral load decreases as
lateral beam ceflection increases. The point of equilibrium at which
bending deflection energy cquals the integrated lateral load components
is calcuiated as follows:

ILoads Normal /

o Deflected Beams
To Substrate

Tip Intercostal

Lateral Load
Distribution
on Beam

Variable lateral 1oad, Wl expresscd as a function of maximum beam

deflection,

W = Constant

Vuriable — ;\
» I

™~ ' /a/?
| -

g
. &
o

M

—]
g

. B

£, 223"
Load Distribution on Seam
At the points of no lateral bearn cefiection(Tip intercostal and guide

—~—

sleceves), W is constant. W= 1.28 ibs/in. ult. is conservative (See
Reference &, page i0l corrected for E= 3.5 x 106) due to the use of
coefficients based on a substrate aspect ratio of 1.475. W is recalcu-
lated for an aspcect ruiio based on beam length, Q . Reference 14,

Section A.7.6, page Al7.6 is used for analysis.

Substrate

Guide Sleeve:




; /N2
- — N L Ga \ :
i — N, i \'.“‘ 5
“imembrane) - A
. 223
Aspects latio % = = J7 = .4
: >0.
!
4 + ' . .
. » ~— Design Aspect Ration
= .
=
+rd
g
hal L]
g
o 0 et

1 2 3 4 5 67

. a
Aspect Ratio, =—

b
— 6 . 4 .
E=3.13x10 (Refercnce 9, page 9, Based on 112 Epoxy Impregnated
Glass Cloth)

The cifective modulus is increased somcewhat due to the restraint against
elongation with the soiar cells attached to the substrate. The restraint
is a function of the shear moculus of the solar cell bond adhesive, which
is very low. Even if we consider a relatively large adhesive shear mod-
ulus, the comparative eifect on { is negligible.

. i
t{membrane)

q, ioad intensity = .00061l lbs/in% ult.

t = .003 in.
- m!
2 | 1/3
£ —.2 3.13x10% ([:0G000lx223 = 370 psi ult
t . ; .003
(membranc) i__
Lateral Load, w == { x t =370 x.005 = 1.11 lbs/in. ult.
if t is increased effectively to . 006,
, o 2/3
. _/.006\ [ 003 _ ,
W oi.l = \oo3,  \oog/ =1,78 lbs/m.Ault

This does not indicate that lateral loads continue to increase
as substrate thickness increcases. When substrate deflection

decreases to £ tfp, lateral load will be reduced by beam



oencing stiffness of the substrate. It is obvious that beam

Dedlected " ’ f
Substrate

1/3
= .04 x 223

N

[.00061 x 223 )
\3.13x 10° x .003

F=.22 in.

4. . 003 inch thick substrate is considered the practical minimum and

wiil be considered for further analysis.

The beam moment of inertia for bending in the lateral plane is calculated

as foliows: ¥
Sym.
Mid-Span Area: 0.6 r %
r,.o7" i

lateral Planc

t, .006 6AL-4V Annecaled
Titaniuimn
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C T
3 2t x b° / LY 2,
I =T 2 — 2t x1 54 =t |
y-y b R S | LT txb \7372/ B
! ot Y3 :/ ; A ‘2;
1 Li * [ - . \/
+2 ! k. +2t ¢« X 75 T b — =
L «¢ \ 2/ ;}
3 | 2 x.006 x.65° | S |
=Tx .67 x .006 + 2 h DS 4+2x.006 x .65 x
, 21
.65
(05 + 52) 7
; 3 2~) :
2 x .006x .2 ) , .2)
- ] 5 2 ¢ - a—
P2 — £2 x .006 x .2 (.75+.os > _}
-4 - -4 -4
=40.72x10 © 42 P 2.75x 10 +90.09 x 10 " | +2x
r~ 7
L08x 1077+ 54,0 x 107%
I = .0535in?r
Y-y -
The compression stress capability of the free-edged lip is:
{4t 2‘7
F_ = KE \X) ’ K=1.2 for a free, clamped condition
at ﬁ/x —_— o0
6 [4x.006) 2 |
F =1.2x16.0x10 —— > F
c .2 Cy

Therefore the assumption that the full cross-section is 100% effective in

bending is valid.
The bending capability of the above cross-section is calculated as follows:

By applying the equation given in Section 11.2 to the applicable element with

r =.6in.,

09



1
l
'
|
]
|
|
|
|
)
,,|

F = .25 & ‘
Crl r

ol
8]

To compensate lor beam shear (2% rediction) and cruise manuever

temperature (6% reduction) the above cquation becomes,

FCr = (1-.08) x .25 i, T =22 ~
1
4 { Y
F = .25x16x10° \'O(f“)’ ==36800 psi
< .0
1

By applying the same cquation to the applicable element with r =. 67 in.,

- . 6 1.0006 p .
Q = .2 < i ¢ 1 e - 3%
F =.23xi0x 10 K.b7 329306 psi

Since the unsupported edges are not critical,

FC = 329306 will be used.

T
Then,
v MC
£ = -

c i
T
F x 17
“r | b - x .65 - .2 B}

M == ol i C=.75 —r——z——‘_.75-r =.975 in.

32936 x . 0335
975

Beam Ends --~--

t, .006 in. bAL-4V
Annealed Titanium
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N TN N O s -

i
|
[

- 3 2
3 r 2. | 201 Y
I = - t [ : ';- ! 2 5 —
yoy Tr 2 .7t ox 55 42 T2 + 2tb (.73-:-2
- -
o2t -~ 3 v 2
+ 2 SR tax e - X
L L2 2 -
..—:-.’T(x.853 x .006 - 2 .7 x .006 x .82 +2
. L A
i 3 2 |
2x.000x.9 . .9 i
L Vi + 2x .006x.9 (.734-_2_) ]
- 7
| 2x.006x.2 2) 2!
+ 2 | +2x.006x.2 [.754.9 - =2 ’
L 12 2 _J
=115.76 x 107 - 53,76 x 10"% 4 325 x10™% + 115.48 x 10°%
I —  .0503in%
y-y

The bending capability of the above cross-section is calculated using the

buckling equation given in Section 11.2. Applied to the critical element,

r = .85 in.,
6 [.506) - .
Fcr:‘.23x16x10 —78.5—./ =25944 psi
— — 75 __ 25944 % . 0503 _ L
F.ox 1| C =.75in. = —~% =1740 in;lbs.
— ..I |
M = o i

When variable load, W, is maximum (using Reference 2, page 108, case 33),

For conditions A pius B---

o 0% 1 223

1
Micnds) = 13 — = 4600 in:lbs ult
Micente ry — 40??0 == 2300 inslbs. ult.
ite

71



+

H>ars

4
4 L) 1,11 (223) _ 4
o _ = 35251 = — ~5 = 13.7 in.
(center 384 x 15.4x 10 x.0335

When variable load, W, is minunum GA(ccr - is determined for the
ieCiy :

integrated conditions as follows:

M is maximuin at the ends and is determined by letting the sum of the
arcas under the M/l curves for the following conditions be equal to the
change in s.opc between the beams ends.
Conaition A,
M \U; | /M
i ‘Q ) .
= L1007 27 17 10777070 M/EI Curve

Condition B,

.-[- Variable, W

g — — = 1.1l lbs/in. ult.
P -— 3 ‘

. f

Al i M/EI Curve

= LY 1 727
\ ‘ wi 2

i T 4B EI
1 -f\:I- = slope =0
J I,
0
EIis cancelled for the uniform beam. Then,
[ wi o
wi o [2 ) p
I — = , -_ X - ML
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w1
M(ends) T2
, 2 2 o2
M _w i I AP S
. {certer) ™ 48 72 14

!
T ;
7 . 34 w f
) — / —> =1
+ A,A | [ 3¢ 7, | [72E
- N\ /; ' / / :\—‘—:};—I ; 2
\ A A i w
48 EI
1
Ix::cgratéd M/ZI Distribution
Then, OC( ter) when variable load W is minimum is ,
center
2
L
s T oM« oax x x
O .
;2 0 R 2
=2 1(1 WX A , _ (:_ W
o TEI 1_’3"‘ 72 x ) (e L )- 3 x T x

&£ ==— L3.O4x104W}24 — 3.09x107% w{ ] =

Which shows that 0‘(‘ 1s effected critically by the exactness of shape of the

M
—— Curve.

Kl
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When variable load, W, is between miinimum and maximum, say .02 lbs/

in, ult.,

Condition A,
! .

|

+ V77777777 7 7777777773 Mol
- " E1
v 1\ i

Shear Curve

-

— —— M/EI Curve
— L

—7 = Slope =0

=l is cancelled for the uniform beam. Then,

Slope = O_—:.('O..._;"_S_E_J (17‘_ x ) M .l
M(endsb)

(center) 74

77;/;7 L .02 1bs /in. ult.



77 y t . 008
N — e

Integrated M/EI Distribution

(center)

v

- = , .15 x 107 (223) =0.14 in.

4 x10° x.0335

f—
wn

Variable load, W, expressed as a function of lateral substrate deflection:

Undeflected Substrate

Straight Line Deflection
For Simplification

Actual Sub-

strate Deflection

Mode e X, 18. 5"

i

Q
|
I

» - when variable load is .02 lbs-in. ult., is calculated as,

: P ) g 2 ' 2
—> L(‘;‘ . .O&?hg x J%/ (‘16’()) C x '00}21 x .3571)
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4.
"

Lateral Beam Deflection, f , in,

-\ 2\
X , i = 75X, ‘
X /< — 2\ /.5% -

/ Py, —-— PR b - - Y “‘g-—-—’-—- = { -
at, =5, W =(q ¢ X| =i (q RiTEE% (.58){q « X)
atl = 2 X, Welc o X, 5 =25 (@ « X) [ “SH=(.26)q «X)

=3 =l SUNCTS S Rl Ty s T eNe

Plotting the expressions for the conditions analyzed above gives.

60
50 i
i Beam Bend-
ing (Pinned
40 1 Beam Deflection Ends)

Possible )
Y Selected Design
30 A ‘. [— _ /
Diaphragm i
[ Deflection \ ’ /
s /

Beam Bending (Fixed Ends)

T T T i '

.6 .7 .8 .9 1.0 1.1

Lateral Load at Beam Center, W, los-in. ult

Figure 5-2 Lateral Beam Doflection at Mid-Span

R

T atals U

PR

s



*

The Lending moments for the pinned and fixed end conditions are calculated

as follows:
Fixed Enns--
Lateral Load at Mid-Span .04 1bs/in. ult,

. : v~ o4 . W=1.111bs/in. ult.'

s - {

y T —7 1 '™ Actual Load
. } I ; M e

é j Distribution

-
< i Shear Diagram
44 lbs, ult.

Condition 1‘\ ',
(/ l r \j

]

N N N O

+ VLS A 7 Curve

Condition B,

\ / 1.11 lbsl‘xn. ult.
T\l\—/ ¢
: 1

1

1 = e

L.g:

i
7 7 é b . 04 lbs/in. uit.

N\~ N

~Jp=t —
ot
r<s

[y

™

t 7 gy
= XY ik e

Stope = 0 =(.0271 £ %) éoﬁ) -M o f

Then,

4 2 ’ 2 )
M(ends) = .01807 X" = .01807 (223) = 899 in-lbs. ult,

I ‘ 72 2 .
Mcenter) = 0271 A~ 01807 L% = .00903 £%= 499 in-lbs. uit.
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ateral load at mid-span = 1.11 lbs-in. ult.

i

A H

= 4ul0 inFlos. ust. 3

{ends) — ;

M = 2300 in-lbs. u.t. !
{center) _—

g e S rag

Pinned Ends

;
Lateral load at mid-span = 0 ;
! = 0
“{ends)
M — 1140 in~ibs. ult.

Pinned Ends
Lateral load at mid-span = 1.11 lbs-in. ult.
M(ends) =0

= 6828 inrlbs. ult.

{center)

gure 5-2 shows that the lateral beam load at beam mid-span is near
0 1bs-in. (See intersection of expressions for beam bending and diaphragm
deflection) for either extreme of the beam end fixity range. The applicable

extreme pending moinents, then, are:

Fixed Ends (lateral deflection =1 in.)

Actual Moment Allowable Moment
M(ends) = 899 in~lbs. ult. ) M(ends) =1740 1n;lbs’
(center) =449 in~1bs. ult M(center)=“32 in~lbs
Pinned Ends (lateral cefiection =13.7)
Actual Moment - Allowable Moment
M(enc’.s) == M(ends) = 1740 in-~1bs
= 1140 inribs. ult. M =1132 in-lbs
{center) {center} .
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<o . . - o ;
Capuuiily exXceeas the adtual moment for fixed end

l The beam bending

conditions, bul provisions al the beam onds 10 obtain a fixed condition

l would result in unnessary weight addition, The beam bending capabil-

o

‘ ity for & pin-¢nded beam nearly inatches the corres—onding moment
| 1 ¥ N

l . requirement, however, lateral beam deflection w.:ld be excessive

(13.7 inchs cach beam) for t.. jollowing reasons:

l 1. Solar ccll and sviar cell module interconnect damage could
result from induced biaxial stresses in substrate due to the
l double curvature eficcts.

2. mxcessive vertical plane beam bending could result with

1

the substrate forced into a normal-to-plane acceicration as the

-

beams relaxced in the lateral planc.

Thercefore, beam end fixity wiil be relaxed. This shall be no more than
to result in a reasonaoic tradeoif of lateral beam deflection vs. induced
weight for fixity provisions. A lateral beam deflection of 5 inches shall
oc considered for further analysis. A linear extrapolation of actual
sending moment corresponaing to a lateral beam deflection of 5 inches
is slightly conservative since the lateral load at mid-span is .01 lbs~in.

uit. rather than .03 lbs-in. ult. (Sce Figure 5-2).

L % |
.11 lbs/fm. ult. Z‘;“ : 1.11 lbs/,in. ult. |
Svm. . ! Sym. .
id-Span) @ (Mid-Span)
[
.01 Ibs/in. ult. { ! ? ? L .63 1bs/fin. ult.
i i
i I\/Il l\/{2 *
T 43 1bs. ulr, § 43.51bs. ult,
/ ctual Load Distribution Load Distribution if Diaphragm
Corrcsponding to 5 in. Deflection Deflection Expression were Linear

Dased on tne conservative approach, reguired beam bending reaction at

beam ends is extrapolated for the rcelaxed fixity condition as,

/5 ) . .
] . l - (——) x & = 471 in-i108. uit.
M(enqs) ( T3 7/ X 99 ST4ingios. ul
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andg, the requirea Gegree of angular rotation (fi‘mt the beam ends corres-

ponding to this fixity conditien is calculated by linear extrapolation as,

Lateral Beam
Decflection at
Mid-Span =

5 in.

/ {5 N [ h Cross-Tie at
@ = \ 13.7 } chno ﬁxity/ | Guide Sleeves

For ¢no fixity,

\
¢v ﬂ Et Sym. (Mid-Span)
) g = /2 111,5" c———
|

W = - ‘
| 137 ’/Y
- X

A
_a.o T L - b3 Béam
19~ =D

No rxaty Deflected Beam

5‘\ o

¢ = (Tf—'fl (197) :6.90 = 61'9 =0 ® 120 radians

——

Then, the required cross-scctional moment of inertia of the tip intercostal

1v calculated ay,
X .

. rLateral Pla‘n Deﬂectionb

oy, 33,50 ] ,
5 4N\ i~ Tip Intercostal
R ] (7075-T6 Al.)
| . v
M 9_ : b b .
‘ ] i
Nl
| 1 ocam C", Beam

ST By Curve
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9

~O-

I

Y
M M.
_— o« d = s = .120 Radians
El Y =1
y 0
. E is consid- red £ 750}5‘ =.0.3x 10D (Reference 3)
7 for 7.75-T6 Alclad
hY, 'x;--I | | 4
M e § -3 2 =
_.__2;3. | = 571 .x 3%.:) = .0089 in’
5; 2x10.3x10 x.120 S——

7075-T6 alclad was chosen to provide the bending compres-

sion stress capability required.

8l



5.12 Arnalysis of Tip Intercostal

The tip intcrcostal is analyzed for induced loads which occur during

the .2 g cruise inaneuver between Earth and Mars (See Section 5.11}.
Temperature is not consicered to excecda 75°F with the tlip intercostal
shiclded {rom solar radiation by the substrate. The iuduced distributed
ioads paraliel to the Q beam at the substrate attachiicnt are negligible
with the substrate aspect ratio of 5.8. The induced distributed load in
the vertical plane at the substrate attachment is approximately . 0061 x
38.5 =.24lbs. ult., M=.55x.24 =.13in- lbs and therefore
considered necgligzible.

. 625" Dia. Lightening
Holes

Tip Intercostal =43.5 Ibs ult.

lz 571 in-lbs. ult.
MZ==43. 5 x .85 =37 in-1lbs. ult.

P
Angular Rotation M
U'\der Load,

outboard ( ¢ = .12 Radians

e :
P ;d.i?;. C other beam l
o Caiii s
; ¥ pe t —al] i _}_ t 7075-T6 Alclad
Substrate Bea ‘ 'j‘
Attaches to 5251
This Flange X S22 X

S

Critical Flange
Under Loading
Conditions

Section A-A

t The bending stifiness requirement about the y-y axis (I y) compatible with
¢ =, 12 radians was calculated in Section 5.11 as .0089 1n.4. The above

Section stiffness muatches the requirement with a calculated Iy-y =.0088 ind,

{4
4%

i
i
3
i
I
;
L



-

Section A-A is now analyzed for the composite loading condition.

S8 .
Lateral Plane /\\\\2’ ”NIM Vertical -
P S SN /H'/’ 12 :
Defiection (\:\\\)TIH / Plane
0(_ ({;~.~\’;.';; L Deilection
1 -7 —‘:\
pb\J M,
M,
~ , .
; P N (Pe £ N.5405) (Pef-,).26) N (MZ)(.26)+ (M, )(. 5405)
C(critical A Iy-y I:uc-x IJy:--x Iy-y
flange)
M (38.5)° 2
s AN 571 {38.5) .
y-y 8 x10.3x10 x.0038 —
M. (38.5)% 2
dﬁ A . 37 {38.5) 54 in
= = . ==.54 in,
2 SElx-x 8x10.3xl()oxl.23x103 —_—
43.5 (43.5 x 1.17){.5405) (43.5 x . 54)(. 26) (37)(. 26)
I, = , + - 585 + - +
c 056 - 0U8s 1.23x 107> 1.23x10°°
 (371)0.5405)
T 0068
f, = 7774 3126 4 4965 -+ 7521 35071 =51760 psi ult.
K=1.2 for frec¢, clamped condition ( Reference 11)
2
t 2 : :
= x, ('] -
e, = KE. \&) =1.2 x10.5x 10° (._f’é.z.) = 67292 psi
Fc
r 07262 _
M.S._—{:—- I =575 1= .30

The attachment of the tip intercostal to the beam is not critical with the

combination adhesive, rivet, spotweld attachment provided.
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5.i3 Analvsis of Cross-Tiec at Guice Siceves

The cross-tie between the wran drum end caps is analyzed for induced

loads which occur curing the .2 cruise maneuver between Earth and
o o

Mars (See Sectiors 5.11 and 11.2). Cross~tie temperature is consid-

; O T , o .
ered equai to beam temperature (250 ) since no sviar radiation shield-

ing is provided by substrate in this area, Angles
Shear
Transier ¢

Wrap Drum

Gussets
A -
13

;L

Cross Tie —/A <
/

Edge of Shear
- Transfer Plate

Guide Sleeve

@, Guide Sleeve Support
Pins

The composite loads with the exception of moment M_, are transferred

2
from the guide sleeve to the cross-tie by means of shear and bending in
the shear transfer gussets and by means of shear in the shear transfer
plate. Shear v, is 3.306 lbs. ult. which is relatively small and there-
fore neglected. Analysis is now conducted to determine the degree of
angular beam rotation in the lateral plane due to load transfer between

the beam and cross-tie.

The lateral angular rotation due to fabrication tolerance between the beam

and guide sleeve is calculatea as,

. 125"

Guide Sleeve
.125
Tan ¢1 =2 =.0192

¢51 = 1%"' =.0192 Radians
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Shear Vl is reacted at the jorward edge of the guide sleeve and trans-
icrred to the cross-tie py shiear and bending in the shear transier
gussets. Latcrai mmovemeint restraint of the guide sleeve sapport pins

in both directions is considc. d equal at both ends of the pin and there-

fore both shear transfer gu- <is are loaded equally. Tie shear in each
gusset 15 V, /2 = 21.8 lbs. It. Since there is no late..: plane compon~
ent, no lateral angular rotutica results.
5 " Cross Tie
33 BK Rivets
< . v, = 43.5 lbs. ult.
e v
Y, 2.63" 2 “V ( 1)
c2 = 2| - =
4 Ma 2/ =¥
Guide Sleeve
Support i ZMA =2(21.8 x 2.63)
Shear .
Transfer = 114.4 in-lbs. ult.
Gussets —_—

Moment Ml is reacted as a couple between the guide sleeve support pins.

If the transfer shear plate is elastically stable, then the degree of lateral
anguiar rotation of the beam in transferring the moment M, to the cross-

tie is a function of the cantiievered bending of the shear transfer gussets,

v /&1/ Shear Transfer Plate

Cross Tie , \[ (.031 AZ31 B-H24 Mag)

L-She:a.r Transfer Gussets
4.3, b (.039 AZ 31B-HZ24 Mag)

f=<Ml) /1 N_/sm / 1
S

ST 07 T\ET/ BTx O3l> == 881 psi ult

2 K =12.7 for clamped edges (Ref. 11)
q._ = KE (_L E =6.5x 10° psi (room temp) because
cr ¢ D/ 12 (1 - /U/Z_] ¢ of solar radiation shield-
ing by guide sleeve.

6 [.031\° il
qcr=IZ.7x6.oxxo ( ;/ . /“ 7y = 4011 psi
* 12(1—.35)

Therefore the shear transfer plate is clasticaily shear stable,
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The cantilcvered bending of the shear transfer gussets due to moment
M
1

section.

is calculated by resolving the shear transfer gusset into a straight
Y AL

S~

04%‘1:
% I =.0053in*
| y-y
y
.039 Sheet
AZ31 B-H24
Magnesium

M -
1 i 1 /371) L
V = 731 =5 * = - . .

2 (4.1) > (3T 69.6 lbs. ult
E = 6.3x 106 psi (ZSOOF) because of no solar radiation shielding

69.6 (1.7)°
3x 6.3x106x .0053

&= = .0034 in.

4 . . (£
) Rv-rvi) 1.7] (5 . 64) .
§ = M} (c) _L 2 ’ L _R69.6+21.8)x1.7._; {.43)
b~ Ly - 0053 - L0053

£ — 12606 psi ult.

¢ 2
F =Kk -
cr c D

2 .
F_—= 1.2x6.3x10° (z—%"-) — 14194 psi

K = 1.2 for clamped, frée condition (Ref. 11}

cr

:
2
:
f
;
;

e i e

L A & AT B I i patt




Then the degrec of lateral angular rotation in transferring moment M

to the cross-tie is calculated as,

/f

l- 1'.

.0034 _-
¢ Tan ¢2 =1 = 009038 -
f 2 | Therefore
(14 1]
- 0034 ¢2 < 0% » neglect

Shear in rivets attaching shear transfer gussets,

—(Vl v) 1.7 (L) =(21.8 + 69.6) x 1.7 1) =311 lbs. ult
—T+ X i. .—5/ = . . X 4. (.—g = DS, >

Rivet shear allowable = 432 lbs. (Reference 16)

M.s. = 22 _ 1o 39

Moment M, is reacted as a couple between the guide sleeve support pins.

The couple is transferred into the outboard facing of the end cap as shear.

Support Structure

gl?:fe Attach Angles
Support

Pins

] M ¥ 7
: 2 - 3 =90.5 Ibs. ult.

Shear stress in the doubled area is based on a panei 4" x 4%,

r\

‘("‘) \‘;) = U.;;s) (_0138) =595 psi ult.
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-— K =10 for simply supported edges{Reierence 11)

£ 2
, 6 {.038)
qcr=10x6.3x10 3

= 50686 psi.

M.S. — HIGH

The elastically shear stable face sheet transfers the moment into the support
structure as a couple in the face sheet. The lower couple load is carried in

the face sheet truss A, B, C.

A* B

Support Structure

I 1.76 x 10 2in.?

haX ><‘" ’% X=X
- i
M

; \E .039 AZ31 B-H24
~ - Mag.
c C
- x
“2 371

P= =—g— =40 los. uit. .8 . \(.
8 &6

1.41 8P)(C
=281 P .(T_ﬂ__)

(<]

o
y
o
\

1
b " Area

c ) X=X . 019

(Section A-A) ‘ Section A-A Considered
Effective

£, = Leiix it o U3 x 200 40T) - 049418309 = 19358 psi ult

“(Section A-A) 1.76 x 10

= 15486 psi yield Y

Fcy = 19200 psi. for AZ315L-H24 Magnesiuin a ZSOOF (Reference 3)

‘ 192000
M.S. = 13536 1=+.22
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The degree of lateral angular beam rotation is calculated as,

¢=¢(tom) -~ @, = .12-.019 =.10 Radians

The latcral beam roiaition is expressed as a functic.. of cross-tie deflection

between end caps as,

~— —
Q) = tff<vcrtica1> + ﬁlateral) %
' St la {
i foads \foazes '

r
L

!
_ ! 4.1 ‘
¢" 2E | T 1 +\1
L X-X Y-y Cross-Tie

Cross-Section

For the tube section shown and t =.040 2024-T3 Al Tubing"

[ 2.63 -‘
36() X :—'-—-——- -
¢ = 33.5 ‘( .Ol394.1>+(.0i;:;> = .095 Radians

2x10.2x106 L

vetann—

The loads for strength analysis are summarized as,
Lateral Plane:
V, = 43.5 1bs. ult.

i

}v{1 = 571 in-lbs. ulilt.
11t
M = Vl . OC(MI)
Vertical Plane:
2 1 4
MA = 1i4.4 in~lbs. ult.
V1 = 43.5 ibs. ult.
1}
M = 2V x2.63 =2x69.6x2.63 = 366 in~1bs. ult.
(B ] — .
M v, x 0‘(2 M, -+ M")

A
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£ M) r vy M, : r
bl T +v, |5z [ )
ltferay Iy v Area 1 SHIY_Y \IY—Y
ane —
—
)]
571 x .48 43.5 - 571 x 33.%5° 48
— + - + 45.5 - X ( - )
- 0133 -12006 | 8x9.5x10" x.0139 - 0139
3 = 19716 + 361 +911 = 20990 psi ult.
Tateral)
plane
2 M or v §(M'+2M) Z
£ — A + 1 + M'er + v " A r )
b(vertical\ Ix-x Area Ix-x 1 LBEIx-x (lx-x
plane /
2
114.4 x .48 3606 x .48 366 114.4)33.
e [
' : 8x9.5x10 x.0139{ L0139

fb = 39514361 4+12639 4767 =17718 psi ult.
(vertical)
plane

—

|

-
12
The resultant stress, f, =17718)° + (20990)‘2‘] = 27460 psi. ult.

or 21968 psi yield.
F_ > F = 38220 psi (Reference 3) at 250°F

cr t
Y
35220 _
M.S{ = 2_1—9—(’)—8— _ b 1¢-+ .14
P
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5.14 Compression of Beam on V Wrap Drum

The critical condition occurs locally on the wrap drum in the area at which
the bea is transformed from a full cross- -section to the wrapped, ﬂ4ttened
shape. Since the beam is flaiiened at the inboard «und prior to assembly to
the wrap drum, the local radia. forces exerted on the wrap drum have been
lessened. The critical condition Occurs during retraction prlor to retro-
rocket firing. Beam and wrap drum temperatures are consxdered at 150°F,
The torque which induces the radial force is calculated, using analysxs

given in Section i1.1, assuming beam sheet thickness is . 0065 in.

M(beam) = Torgque retract) Torque(s stem Friction)
y

- .1.4.2 2 _50.5 =20.5 in;lbs. limit or yield

) Frame
. 024" Thick
N AZ31B-H24 mag.

B -

‘ -3 4
Induced Radial IN A< 2.70 x 10 x10
Beam Load Distri- —] . 476"
\ bution on Wrap Point 0—

— Drum ' 7

{- <
5 . 5848 . ‘75 N.A.

’ ' 4" ’ —_———— -

Guide Sleeve

Section A-A Considered
Effective in Bending

- M 1 _ zo.s)/ 1 - . .
W () ) - 0Tx4/ Usxa/ = 3-81bs/in. yield
!

Support

7.

{ Radial load = 3.8 (.5 x 4) = 7.6 lbs yield

It can be shown by integration that a concentrated radial force equal to the
integrated load distribution may be applied at the point of peak radial load
distribution, resulting in an equivalent maximum radial bending moment

in the wrap drum.



3.8 lbs/in. Aq,]
: 2.5 —\q“ /‘\ ,
1.0 O ‘.}
% — _ Radial Load

. Distriouti e i ibuti
Moment Distrioution Distribution

{MAA__BS 2.5 1)C-R
7.3C.R

N‘ A.

Integration of
Moment Distribution

Using page .03.00.08 of Reference 15, the radial moment in Section A-A is

calculated conservatively assuming the frame as a rigid ring,

MA-A =7.3C*R =7.3 x .24 x 5.81 =10.2 in.-lbs‘yield
£b - M x .58:138 - 10.2 x .:.12&8 = 2209 psi yield
2.7 x 10 2.7 x 10

Epoint 0 of
Section A-A

Ft = 24940 psi. (Reference 3)

y

M.S. —> HIGH
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5.15 Bending in Lower Plate of End Cap

The beam radial restraint rollers transfer a normal load to the lower plate
which cannot be reacted as hoop tens:iou in this area due to the flatness of

the shect. Temperature is considered equal to beam temperature (ZSOOF).

Curved Sheet Reacts
Radial Forces as Hoop
Tension in this Area

Radial Forces

Area in Question

. 036" o — “- 3" —
AZ31B-H24 = 11% —
Deflected Lower
! B B Plate
§ f, = —= p @ ; (,——;A, .F\\“‘\
2 1bs, —>|! - _ocoo =1 I M
alt, / = ——&T- e e = 4.652 , o
roller__, !’ _i - h '*\ S ! Lt P
\-— Titanium Spring t, .019 ____i
Roller ’ AZ3]l B-H24 D[

The bending dcflection, f. , of the lower plate is a function of bending
stiffness at Sections A-A and B-B.

f ( \B B? (
fi/2

‘1
£ (P x No. of rollers forces x 4.6) x (—H

b =

(B-B) ’ Ia.B
. (1x4x4.6) ('0219

= — = 27870 psi ult.
(B-B) . 6.27x107°
2

f = — 27870 = 14864 psi yield effective
v 1.25 x 1.5

(B-B)

5. = ey o _ ,_ 1940
M.S T | = ofzr 1= .31
(B-B)y
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f _{ 27870 ) ..:L{i._) (P x no. of rollers x 5.2} . (5.2\
(6.3 x 10 - VUG5 2x6.3x10° x2.47 x 10°° 3/

(1 x4x5.2)

o . 5.2Y_ - .
g = 2.1 + T ( 3)-2.1 + .35 = 2.45 in;

2x0.3x10°x2.47 x10"

The above deflection is hypothetical because the spring rate of the titanium
spring is not constant, thereby relieving the radial force as the lower plate

deflects. However, the result is to transfer the radial force to the out-
board edge of the roller.

Stowed Beam

G
Roller
Spring
Lower
Plate
Radial Force Distribution Radial Force Distributiox}
with No Lower Plate Deflection with Lower Plate Deflection .

Since the stowed beam is restrained against rotation by the guide sleeve

and at the attachment to wrap drum, it does not appear that the beam would
rotate. The radial force would be transmitted by a smaller cross-section

of the spring and therefore resuit in less stowed beam radial force restraint.

It is suggested that the problem be eliminated with a corner bracket as shown.

|

\
'y
2!
V 2 (Corner

/
1/) Bracket

)

Lower Plat
of End Cap
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o -fﬁ._v_A

5.16 Vertical Plane Beam Bending

This analys;a is conducted to defermine the amount of beam tip deflec-
tion during cruise maneuver between Earth and Mars. The extended
array is subjected to a .2g steady-state acceleration normal-to-substrate.
Beam temperature is considered at 250°F. Analysis is slightly conserva-
tive by neglecting moment arns shortening efiects { [\ L) as the beam
deflects. Thermal deflection is not considered in this analysis which will

reduce the calculated load deflection.

Wg
Reducin 1 ‘Jq 1 ‘
& 7 :

Deflection = - ==

Due to ! ' t ==

Thermal — '/’ \ l

Gradient & Load Deflected Beam

Solar '
'—"'L‘"A L Rad ation
Wg L4
f = (__%ﬁ_)_. (Reference 2, page 100, case 3)
81
(.058 x .2) (223)*
F=—22x 2] = 17 in.
8x14.5x10 x .01459 —_
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5.17 Therimal Stress at Substrute Edge Attachment
For the achesive bonded edge, the maximum temperature gradient will
occur in Earth vicinity when the predicted substrate temperature

Ty = 129°F and the titaiium edge Ty = 210°F (See Section 7.0).

The relative displacement induced by the thermal difference is

Al=fy (Tp =75 = £ (Tp = 75

when A& = coefficient of thermal expansion of fiberglass

"

Ve 6.7 x 10 C/°F
g F

aC T = coefficient of thermal expansion of titanium

F 1

Al: 135x5.2x10°% — 54x6.7x10"

]
w
N
b
[
o
~—

©
)

6

(702 — 362)x 10
-3,
= 0.340 x 10 Tin/ine
The thermal shear stress in the joint is
i = G x Strain ~
a
= where Ga = Shear modulus of adhesive = 0.5 x 106 psi

f 0.5x10%x0.34x 107> = 170 psi

5

The allowable shear strength for the adhesive is 2000 psi at 200°F.

M.s. = 2880 1 __pouiGH



For the aluminum connector cdge attachment, maximum thermal gradi-
 ents are predicted in Earta vicinity where substrate temperature

TF = 129°F, aluminum connc.ior TA-‘: 140°F, and the titanium edge

o ) v
T.. = 210"F (See Section 7.0).
4
The relative displacement in tii: {iberglass to aluminum joint is

A/QF_A =fy (T, — 75) — f’r (Tp — 75)

where fA = coefficient of linear thermal expansion

of aluminum
Fa

12.5x 10" y° F

AXF-A = 65x12.5x10°° 6

~ 54x6.7x10

7

(812 — 362)x 10°°

"

] ) -3
AJ\F-A = 0.45x10 in/in.

The shear stress developed in the joint is

. 6

fs = GF x Strain (GF =0.6x10")
= 0.6x10%x.45x1073

fs = 270 psi

Assuming no clearance between the edge of the connector and the fiberglass

slot, 0.6t
- f _ _F
br = "5 ° A

[ .5x.Cl2 )
=270 7005 % 6.2

£ = 32,400 psi
T
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| Based on the edge attachment tests of Section 11. 3,1 the bearing strength
of the substrate at 200°F is Fbr = 28,000 psi. Therefore, the substrate

: will shear at the edge of the connector until the thermal stress is relieved.

ter the slot length has adjusted to the bea. ing loads, the edge attachment

will continue to carry load and have the sam. strength as reported in
Section 11.3.

The relative displacement in the aluminum to titanium joint is

AﬁA_T = fao (T, =) = Fo

= 65x12.5xxo“6 - :35.x5.2.x10‘6

%
(Tp — 75)

= (812 — 703) x 1078
A ) - -3
A-T = .109x10
The shear strength developedlis,
fs = GA x Strain
G, = 4.0 x 10°
o -3
fs =4.0x10" x.109x10
= 436 psi
£ . =436 psi
0.6 x .006 )
fbr = 436 (.005 x . 000
= 52,300 psi
For Fbr = 25,000 psi, the aluminum connector will deflect at the edge until

the thermal stresses are relieved, then continue to carry load as reported
in Section 11, 3.
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The design provides a clearance of . 005 at each slot, which is suffi-
cient to allow for the relative ciongation predicted. The analysis above
is conservative in assuming that no clearance exisis, which may occur

at random locations in the assembly.
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6.0 STRUCTURAL DYNAMICS

6.1 Substrate -~ Stowed Posii.on

Summarz

The following analysis is for a ragial "Breathing Mode™ with Substréte spacer
strips at 4 in. apart. The response of the stowed array to specification inputs
was calculated for the fundaimental mode in a non-linear Rayleigh analysis.
The array was treated as a multi~layer cylindrical membrane, the outer layer
being critical. Membrane support {lexibility (the separating strips) was con-
sidered. The calculated fundamental frequency is 285 cps, the maximum
deflection is 0.009 in, the maximum slope between support strips is 0.4% and
the maximum curvature between support strips is 0. 3%°/inch. It is noted

that the calculated maximum curvature is well within the allowable maximum

value per specification, l.Oo/inch.

Introduction

In a Rayleig. analysis, the fundamental natural frequency which meets the
boundary conditions is calculated by assuming a fundamental mode shape and
computing the maximum potential and kinetic energies of the system based

on the assumed rnode.shape. The maximum potential energy is equaled to the
maximum kinetic energy, which contains this unknown frequency term (this

equality is equivalent to specifying conservation of mechanical energy) and

i

| the equation of KE PE is solved for this frequency. One of the

max max
main features of the method is its relative insensitivity to modal inaccuracy;

At is also fairly éasy to apply.

However, in a membrane that is statically unstressed, the edge tension
forces,the restoring forces, are not proportional to the out-of-plane deflec-
tion of the membrane., It is a characteristic of the general non-linear
system that frequency is displaceiment dependent and such was the case
found herein. The displacement was worked out from the specification
input (which itself is stepwise frequency dependent), and from a value of

transmissibility based on an assumed value of 0.04 for the damping coef -

ficient of the fiberglass stowed array. 100




The maximum displacement, slope and curvature calculated herein must
be considered as roughly approximate since they are based on the assumed
fundamental mode only. Higher modes, as well as an accurate funda-
mental mode, are required for good response information. Such exacting
work, especially considering the non-linear nature of this problem, is

beyond the scope of the present :rcatment.

O B y
Array Layer (Static - b | ne . -
/— y 2y : Dimension) = "“l , I’
| ) o 1 I ‘
Drum

| }
1 . ] K 1
—{b Typ b— \
Supporting Strip

The wrapped array is viewed as a multi-layered membrane, capable of

Supporting
“rings" (Strips)

developing tensile loads only. The outer layer is critical since it has

the minimum static curvature. A typical bay is treated; a bé.y being
between adjacent supporting strips. Simple supports at the center of the
supporting strips arec assumed (thus the supports are considered as rings),
and the rings are initially assumed rigid. Later we consider their radial

flexibility.

Assumed Fundamental Mode Shape,

z
P(r, oS, X)
r=R+ AR
(Dynamic Position)
y Z
e i Sketch B
/ = ’
// e \ J
u
y o
. N | 7 b
X Sketch A == atx=3

Sketch C - : 101



L L

We used, for simplicity, cylindrical coordinates to describe the position
of a point on the membrane surface, i.e. P=P (r,©, x). Sece Sketch A.
Now r = R+ AR where R is the static radius of the membrane and

A R is the change in R during motion. It is this /\ R in which we are
primarily interested and we give its amplitude, i.e. ( A Rmax)' the

symbol u , for brevity.

Referring to Sketch B, the fundamental mode shape in the x direction is
assumed to be,

T x

u = AN sin b

Note that u=0 at x =0 and b (the support rings are initially assumed rigid)
andu = wyat x = -‘%
Referring to Sketch C, the fundamental mode shape in the & direction
. . b, .
(around the central circumference of the membrane, i.e. at x = 3 )is

assumed to be

v = u cos ©
o
3
Note that = ug at 8 = 0,Y = 0 at © =’-‘2—( and at 6:—-;(-
and ¥ = —u_ at & = , which seem reasonable. u_ may be regarded
as the maximum dynamic radial deformation.
The complete assumed mode shape is thus,
u= u_ cos S sin Tx
o b

Kinetic Energy

. o e . 1 e2
An element of mass dm has kinetic energy cKE = > T dm where

r =R+ AR, A Risassumed harmonic with time and is of amplitude u,

. = R + eiwt
.. r = u , where ¢> is the circular frequency of the motion
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e

rrza.xa""“)'Y '

. i 1 t .
(rad/sec). Thus r = viwe @ =1WAR or ’r‘

Thus the differential of KE {(we are going to call KE just KE from
nax max

this point on) is dKE = 5 ” wta .
m

5
We have dm = rRd &. dx where r = mass/in~ of membrane surface

. 2 -3 ) . ‘ .
area ( units lb-sec -in ), Rd ® = width of the membrane element in
the © direction (actually the widthis rd& = (R+u) d© = Rd& for
u < R, which is assumed, and dx = width of the membrane element in

x direction. Thus,

dKE = -12- w uz rRd © dx
or upon substitution of u = u_ cos 8 sin —’%-)E— ,
dKE = 3 w % rRu’® cos’ @ sin’ '“;" 4O - dx

2

1 , 2 .
let = = ; 1 .
et K > W g Ru0 for brevity. Then

ro 2T
KE = K \ 5 cos2 sin2 ’gx d © dx
Jo0 0
Integration gives KE = 5:;19.
So KE ___"’C_{_ ¢ Rb 2
- % & 4 Rbu
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Potential Erergy

The potential energy of a membrane, in xy coordinates (Reference 18,

page 431}, is,

ey 2 2
rE=z )&+ &)

where r is displacement of any point of the membrane normal to this xy
piane during vibration, and S is the uniform tension per unit length of the
boundary (S is assumed large enough so that it remains constant during

deformation).
In the present case, we have a few changes:

1. Instead of dy, we have Rd@

2. Instead of r, we have u

3. Instead of S being uniform, we have S varying with x,
and aiso S is not constant, but raises from zero (where
ris maximum) to some maximum value (where r is

zero). We take S at iis maximum value since PEmax

(which we call just PE) is of primary interest. Also

we have a tangetial tension S8 per unit length, and a

lateral tension Sx per unit length. They are related
— —_ 3 L P 3

by SX = M Se where 4 = Poisson's ratio. Both Sx

and SG are functions of x, but are constant with & .

Putting Sx and S o, under the integral sign, making the indicated changes
of variables and intorducting the limits of integration in the Timoshenko

equation,

~CT (b 2
AT (L : 1
PE = - XO . So () - dx + RdO+ 3

2T b 1 du 2
g. S5g () (I{ = dxRd©
0o Jo
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or, upon rearranging,

2T (b 2 2T (o sy 2
R , . fdu 1 du
pe=£7 go Xo Sg b (@) +oxde +g go go So (%)

dxd &

In order to evaluate these integrals, we need to determine S g (x). This
work follows. The arc length (circumference) of a ring-like element of

width dx in a deflected position is

l: Sz \/rz +(c&1-£- : . d©

0

(Reference 19, page 53).

We have, as discussed previously,

or rZ:R2+ 2Ru + u2 = R2+2Ru for u <R

au

ar

or (%i = RZ + 2R (—i—ué) +(%é)2 = R2+ 2R (-j—\é) for smﬁ(%)

27 2 du
soﬁ: 2R +2Ru+2R — + d©6
0 de

2T .

— u 1 au
P b e - @ wm—— . d
~ 2 go '\/""R'*'R o R

du
for small u and =B
pz’tz‘]‘ 2 . 2
— 1 u 1 1 du 3
L= uz Bo :’*‘E () += (I‘z de) * Rad&
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The strain € = ZA¢ R and the stressdc

EEQ were t = thickness
of membrane. Also &~ = E where E = modulus of elasticity of

the membrane material.

e 27TR t - E LAY
Thus < - °* == = E or § =
t A (S] 2R
— 2T 2
and Sy (x) =~ ZL = S u2+(-§-‘ie) 46
4 TR 0
For the particular case, letting /\/E__t_l‘fz = » for brevity
4T(R
2T 2
. 2 .
Se {x) :é X (uCZ) COSZ ) sin2 jbi- + u  sin” e s1r.12 :Eb}f—) de
0
i 2T /'“‘A""“\
= OC' u2 sin2 E S (cos e + sm ©)de
o b 0
_ 2 2 x
= 2704~ u sin :bL
_ o\/—? tE 2 2 T
= 2— Ez- uo sS1in b

letting 5 ='V-§— . -t—?—
R

Sg (x) = 5' ui sin2 T x/b
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substitution in the PE equation gives

r2TW b
— R 2 .2 T(x ay
PE = - & 5 u, 5in 5 ((_5‘_ dxd &
0 0
1 r2mTr (b L2 5 s .d.!)& o
+ >x } A 6 o sin -+ =5 x
uO vd
2T b
- AR 6 u 2 g2 TCx (%:_ 4 cos &cos T
2 ° 0 do b °

2T rb
+ 2R 5 “0 X g sin @ |(sin = dx a0
0 0
T i 2
2 = 4 (‘3
Pﬁ-—-rb— 8 u R 1_3. R) +/‘('(T
Substitutions 8 =~ -g— —t-%-
R
4 7
Y tEu 2
Nz 3% o b) 2
PE = "3 1 BR 3 (ﬁ + FT
Frequency Equation
Equating KE to PE,
4
Y tEu 2
T 2 N2 T o E)
2~ W YRbu = > f IR 3 2

x>2
o dxd &

cosZ 'z'x d:) de
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l

u —

2 o ~ 2
or(‘):-—z——z—.
b R

tE

s ¥ B +sz/‘] |

Note that (O is proportioual to u s a characteri-tic of the non-linear nature

of the tensile forcus SS vs. u .
o

. 2 . . .
We next maxke a correction for &) associated with (he deflection of the

supporting strips. We reason a5 follows:

;— Undeflected Fositon

- i v For a strip of width Rd® and
, i/ \ ‘—r length b with center deflection

622V

k 4#/in. . K . u=u cos © sin 'ng
/2 z 77 M} #/in. \—'\Yr*"'
i_ b o

a free-free configuration for the moment, so that, for an extremely low -

,» We assume

value of K (soft support strips}), the spring deflection would be approxi-

mated by u spring = 0.622Y and the change in potential energy is

2

APE=%+ K u ,
2 springs

= -;:-K (. 622 u_ cos o )2 =.1934 Kuo2 cosZ =

This /\ PE is for a strip of width Rd ©. for the entire supporting ring.

2 Z 2
A\ PE = .1934Kuo cos” g d6
0

- APE= .1934 T Kuoz {(for small K)

For large K (hard supporting strips), the spring deflection is zero and the

A PE is zero. We bracket our results between the two extremes of
N\ PE o AN KE is assumed zero.

The change in wz is given by equating/A PE to KE:

3;— Ales)? \(Rbuoz = .193¢ TK uoz
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L X

for small K

Spring Constant X

Two load-deilection points are available for the support strips:
(1]

1 .
1) 0.7 psi pressure causes a 353  deficction

L]
2) 2.5 psi pressure causes a -%_6 deflection

The relationsuip (1) is the criti'gal one since it gives the lower value of K.

The strips are 1™ wide and =  thick

8
For a strip Rd© wide and 1" long, dK = 0'7R<1i e ) _ 22.4 Rd&
B v

For the entire support strip, K=22.4(2) TR = 140.7R

Response Characteristic

We now investigate /40 as a function of ¢O from an input-output
viewpoint. The critical input acceleration spectrum (sinusoidal) per

specification is:

1.6 g rms, 2-20 cps
4.0 g rms, 2-200 cps

rms value

: . : : : 2
For a sinusoidal function, maximum (peak) amplitude= 3

also circular frequency o (rad/sec) = 27T - frequency { (cps).
Thus the input acceleration spectrum is:

2.26 g peak, 12.56 — 125.6 rad/sec
5.66 g peak, 125.6 — 1256 rad/sec
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We have 21'0 = D q_ for harmonic motion, where q, = peak input
o

amplitude (inches) and ao = peak input acceleration (in/secz). In g units

2 .o
bl Lo qu y qQ
9% = y °r 9 = 2
We also assume a damping ratio ? = < = 0.04 for the fiberglass sub-
c

strate with cemented cells attached. Further, we assume that the single

igrce of freedom equation for the transmissibility at resonance applies, i.e.

2
TR = —3i '\/1 + (23’)
:{

(Reference 20, page 91 with?=c—i- and ——é‘f;\—- = 1)

Substitution of'( = .04 gives TR = 12.54 at resonance.

Thus, the response displacement u is

12.54 x 386.04 q q

o
u = wz = 484l 52 (Response)

v e . . . N . . ..
where q  is the maximum input acceleration’in q's

For 12.56 S w < 125.6, .(io = 2.26 g's peak, and

u o= 10940 (Response)
o w ¢

For 125.6 <w X 1256, 'Cio 5.66 g's peak and

27400

u, = 2 (Response
iLe. u = ..137 where B = 10,940; 27,400 {two values) with units in Sec 2.
© w

From which 1129.6 rad/sec which is inconsistent with the assumption that
12.56 £ w X 125.6.rad/sec.
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For 125.6 < w X 1256 (B

= 217,400} ratioing according to the square
root of the B's,

_ , 27,400 _
Lo = 1129‘0 m 1787-7 Audlsec

This value is still outside the range of B validity, but is fairly close to it.
We assume B =27,400 in sec -2 is valid. Thus

1787.
=5 = —3;—7,(—(1 = 285 cps

This is the fundamental membrane frequency.

Response Values

The maximum deflection (response)is:

27,400 —
u = —— =

5 = = .0085735 in., Say 0.009 in.
° w (1787.7) ‘

The maximum slope in the x direction comes from

u s M x
T T Y €98 8 5 cos =

= b o = Z-.—O— -.0085735 = .0067336 rad
max

= .385810, say 0.4

Technical Evaluation of the Fundamental Membrane Frequency

. ) B
Substitution of u_ =

in the frequency equation gives
o o ¢

o 8% NT

. 2
-;z—;z"é“fg 3(%)‘*/‘11'2:]
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The value of ¢ obtained from this equation is uncorrected for support

flexibility.
"We now put in numbers:

= 10,940; 27,400 in. set:-Z

= 4.00 in,

6.80 in.(To ¢ .of outer layer)

0.006 in.

3.0 x 106 #/in.2 (Fiberglass)

. 300 for cells —+ .056 for substrate = .356 #/ftz
= .002472 #/in? = 6.403 x 107° #sec ® - in>

0.1 (Poisson's ratio for fiberglass)

1]

<m T o U w

i

(mass/inz)v

L S
!

= 140.7 R #/in. (k is the spring constant of the supporting strips.
It is so high as to be of negligible effect).

Thus, for 12.56 < & < 125.6 rad/sec (B = 10, 940)

2 , 6 2
4_(10,940y °  1.4142 .006%3.0°10 4.00 .
w = (4-6.80) 8 ¢ 6 203 - 10°° 3 (m) + 0.1 ¢9.8696

= 162.80 - 102

-

The maximum curvature in the x direction is derived from

2 2

P
-‘-i——\z-l-: u cose-—xcz—— (—-sin —“—x-)
dx o b b
2 2
d N
(——‘f) = TZ u, = %C (%) = .78539 + .38581 = .30%n.
Cx 4 ohax b max
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6.2 Substraie ~-- D-ployed Position

Summarx

Bending Fr cquen.cie‘_g

l1st Bending 0.60 cps
2nd Bending 3.78 cps

3rd Bending 10.57 cps

Torsional Frequencies

1st Torsion 10.24 cps
2nd Torsion 17.06 cps
3rd Torsion 23.89 cps

It is noted that the required minimum fundamental bending frequency of -
0.5 cps has been exceeded. Analysis was conducted for room temperature
conditions. A reduced modulus of elasticity at cruise maneuver tempera-
ture (ZSOOF) will reduce the above frequencies by 3%. The actual beam
length is 223 inches rather than 216 inches which results in a further

reduction of 6%. This reduces the first bending fn to 0.55 cps.

Introduction

Structural changes in the array require recalculation of the bending and
torsional natural frequencies relative to those used in the preliminary
report. The primary goal was to determine whether this specified

fundamental bending frequency of 0.5 cps was exceeded or if further

redesign was required.

Changes made, relative to the preliminary design array structure were:

1. The titanium tubes were reduced in width at the root
(the depth remains the same).

2. The titanium tube constant section extending from 100
inches outboard of the root to the tip (216 inches out-

board of the root) is narrower but deeper.
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lat

3. Doubler strips have been added to the titanium tubes on
the top and on the bottom, further increasing the bending
stiffness.

4. Liaproved information regarding weights of substrate and

cells.

The re-analysis contained herein follows closely that made originally.
The general method is the same. Allowance for taper effects and new

numbers are the only substantial changes.

Stiffness Eland GJ

Root Section

Arclength and enclosed area of titanium tube

/—t =.006 y (.782,.396;
t i /—.780
1.70 .850. ' 900
-—-.ZOflatl { e / -

7y *

050 } © 60%°19.4

p———ee— 3,32 ——— o 1.46—-—1

——

-

The basic dimernsions for the quarter section, less flats, were obtained
from a large scale plot of the quarter section calculated as the sum of

two circular arcs is:

1
S =8, + 85, =.94717 +.8213 = 1.7690 inches (Root, less

flats)

The enclosed area of the quarter section, (i.e. the area bounded by the
X axis, the y axis and the contour arc) calculated as the sum of areas

of circular sectors, triangles and trapezoids, is:
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Al = 0.64C1 inZ(Root)

4

Thus, for the entire tube s -tion (one tube), the ..rc length and enclosed

area are;

S = 4¢x1.7690 = 7.076 in (omits flats)
A = 4x0.6401 = 2.560 in? Root

For comparison purposes, the original values were:
- . .2
S =17.518in. and A=2.688 in

Bending Stiffness EI (Root)

The moment of inertia Ix 1 of the quarter section is calculated as the
4
sum of moments of inertia of the two arc portions about the x axis, one
of radius r = 0.900 in. and the other of radius r=0.780 in. The form-
ulas used in calculating Il were taken from Roark's Formulas for
%

tress and Strain, lst Edition, page 64, and are identical to those used

in the original analysis.

They are repeated here: 2

_1 3 . 2s5in" ©
y I ;=5 ©'t e+ sinpcosO - =
sin ©
L\ P Z a=r (1 = —5=)
1 N tp ’/f 1 . o)
l t additionally, by the arc's transfer

theorem, for the upper arc:
y :
—- : a=ha+8 -ty
1 ——¢4\_ 1 '
4 . and for the lower arc

-2

e & e oo

&
I~

I =1

o 1_‘1-%-82 t-a
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l

Putting in numerical values for r and ©
I, =0.4725 t +0.027C ¢t = 0.4995t

At the root there are two 0.3 wide doubler strips of thickness t, one at
the top and the other at the bottom of the section so the section moment

of inertia, for thickness t=0.006 in., is:

I 41 ,+2 ¢.300t » (.850)‘2 = 2.4315t

xL
4 ,
= 2.4315 * .006=0.01459 inf1 (one tube)

The modulus of elasticity E for 6AL4V Titanium Alloy, used for the tubes,

is: (Reference 3)
E =16.4 - 106 #/in.2

and for the two tubes, the total EI is:

-

ElI=16.4 - 106 (2+0.01459) = 4.786 » 105 #in.2 (Array Root)
. . - 5,.2
For comparison purposes, this original value was 3.962 * 10~ #in.

Torsional Stiffness GJ(Root)

For one tube

4% 4i2.560)° - 0.006
7,076

= 0.02223 in?

(=
]
IS
o3
®
]
wn
1

The shear modulus G for the tube material is: G=6.2 - 106 #/in.z

‘

and for the two tubes, the GJis: GJI= 6.2 * 1060 2°*0.02223=2,757 105 #/in'.?'

(Root, uncorrected for differential bending stiifness)

5
For comparison purposes, the original value was 2.870 « 10 #Iin?
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.zo__.!._ -‘l* — .20 ?

Flat

Tip Section

. 605

Arc length and enclosed area of titanium tube,

(.604,.550)

S t = .006 / .. 605
f 1.10 |
2.20 i 7495 |

Flat e 1.2

o = 84° 53.3'
The basic dimensions for the quarter section, less flats, again were
obtained from a large scale plot of the quarter section. The arc

length of the quarter section, calculated again as the sum of two

circular arcs, is:

5 = 8§ + SZ = .8962 +.8962 = 1.7974 (Tip, less flats)
4

.The enclosed area of thg quarter section, i.e. they are bounded by the

x axis, the y axis, and the contour arc, calculated as the sum of areas -
of sectors and trapezoids, similar to the procedure used for the root

section, is:

A = 0.6656 in®  (Tip)
q

Thus, for the entire tube section (one tube), the arc length and enclosed

area are;

S = 4¢1.7924=17.170 in. (omits flats)

40,6656 =2.662 in. > Tip

i

For comparison purposes, the root values herin are S = 7,076 in. and
A =2.560 in.. The original values (constant over this span) were

S =7.518 in.and A = 2.688 in’. ,‘
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Bending Stifiness EI (Tip)

Following the procedure used before for the root section, but with
= 0.605and O = 84°

tip quarter section, the I for one tube, less flats a..d spotwelded strip is;:

53. 3', for both upper «ad lower arcs of the

1= 0.01956 m (tip)

The I for one tube including flati“and the spotwelded strips is calculated

in the following table:

2
Item A Yy Ay Ay _I_o_.
Basic Tube .04320 0 0 0 .01956
(A=7.170 x .006=.0432)
Flats . 00480 0 0 0 -
(A=4 x .20 x .006=.0048)
Strip .00180 [ 1.103 .001985 { .00219 -
{(A=.30 x .006=.0018)
Total; . 04980 .001985 ] .00219§ .01956
.00219
. 049 ‘ .02167

AY = .001985 x . 03986 = . 00008
I = 0.02167 int .
X

For the two tubes, the total El is:

EI =16.4 x 10° (2 x 0.02167)=7.108 x 10° #in® (Array, tip)

For comparison purposes, the root value herein in EI 4. 786 x 10 #m.z and

2
the original value (constant over this span) was 3.962 x 10° #in, .
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Torsional Stiffness GJ (Tip) -- for one tube:

- &A% 4662)’ x . 006 = 0.02372 in?

S 7.170

and for two tubes, the GJ is:

GJ=6.2 x 106 (2 x 0.02372) = 2.941 x 105 fin% {Tip,

uncorrected for differential bending stiffness).
For comparison purposes, the root value herein is:

5 2
GJ=2.757 x 10° #in. and the original value (constant over the

span) was GJ=2.870 x 105 #in.z.

Correction of GJ for Differential Bending

Due to a unit torque, T, applied to the array at the tip, the twist eT
(radians) at the tip, is the torsion-in-the-tubes alone system (which

we call the torque box system) is:

L dx
Or =1 go GJ

where x is measured outboard from the root. Note that the presence of the
intercostal at the tip of the array ensures transmitting both torsion and dif-

ferential bending loads (moments) to the tubes. The GJ distribution is as

follows:
GJ
| 5
/ 2.941 10 (GJ)k

2.757 :
x 105

Root A 216 x

100 1.

I‘)
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For 0 S x £ p, the cross section dimensions of the tubes are assumed
to vary linearly, i.e. the effective radius of the torque box = a + bx.
Nzoting that GJ is propostional to Aoz / S_d;_ where Al is proportiozal to
r and Jds to r (tis constant), it is concluded that GJ varies as r /

r = r3. Thus we set GJ = (a + bx)3 and solve for a and b:

5 3

At x=0, 2.757x10° =(a+b x 0) = a
or a = 65.085

At x = 100, 2.941 x105=(65.085+ b x~l()0)3

from which b = 0.01417

N

Thus, GJ =(65.085 + 0.01417 x)° #in>, 0 < x < 100

2.941 « 10° #inZ 100 < x < 216

Returning to the twist equation given previously, with T= 1 in. ¢

er = (F dx 1 L
= x
\ @t &
0 P
P
= -3 L —
= (a + bx) dx <+ G3
0 k
1 P L
or = - + —
e,r 2u{a + bx)¢ 0 GJ K

Putting in numbers for a, b, p, L and (GJ)k,

eT = 0.0003512 -+ 0.0003944 = 0.0007456 rad.
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Due to a unit-torque T applied to the array at the tip, the twist 63
(radians}) at the tip, in the diffcrential bending system, is:
!
8@ - 6 2 7
oc B c

%/) 1 whereof = ¥, 1, andis small

t(for srnallé,) compared to c.

C =4l1.60 a2 M
View looking Inboard from tip. Also q 2 - El
X

Where M =P (L. — x) and P = Tip load = -é- for 1 in. # of torque applied
at the tip.

For == x = p, Elvaries as r3, t being constant, as was found to
be the case with GJ. Thus, again, but with different a & b, EI=

(a + bx) .with EI =4.786 x 10° #infat x = 0 and 7.108 x 107
# :'.n.2 at x =100, a =78.221 and b=0.11024. The values are for
the entire array (two tubes).

Thus, EI = (78.226 -+ .111024)° #in%, 0=< x < 100

7.108 x 10° # in? 100 < x <216

Numerical integration of g—lz = %I (Two Integrations)

d
x

from 0 < x =100 for unit P gives Y, = 0.61956 and

=100
y = 0.61956 in.at x = 100

andg% = 0.0091698 infin.at x = 100

For the constant pars of the array (100 << x <X 216), from cantilever

beam theory, still with unit P, -

1 )3 o\
JAN i T (%Z_P (L — p)
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- 1(116)°
3x 7.1081 x LOS

.+ 0.0091698 x 116

= 1.79568

w

and for unit P, (f =y, = 0.61956 + 1.79568 = 2.4152 in.(at tip).

L

e

pa

For P=%:- (unit torque at tip), and EI for one tube only,

2 x2.4152  _ .
aC:.W = 0.116115 in.

2 £ 2 x.116115 _
eB = —& = ST — = 0.0055825 rad.

Thus, the ratio of twist angles for the same loadings, is:

9T 0.0007456 0.13356
S = 0.0055825 )
B

i.e., the differential bending system is 13.356 % as stiff as the torque
box system. The total torsional stiffness of the array is thus 1.13356
times the torsional stiffness of the torque box system alone. For

comparison purposes, the orginal correction factor was 1.04865. Thus,

GJ = 1.3356 (65.085 -+ 0.01417 x)3#in?. 0 < x < 100 in.

=3.334 x 10° #in2 100 < x =< 216 in.

(atx =0, GJ= 3.125x 105 # in.z)

0

The bending stiffness of the array is given again here, for convenience

3
EI = (78.221 + .11024x) 0

2

= 100 in.
= 7.108 x 10° #in.2 100 <

216 in,

[A 1A

at x = 0, EI = 4.786 x 10° # in°)
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Effective .EI and GJ

4
1

For simplicity of the frequency analysis, we assume single effective

) (average) El and GJ values, constant over the entire sikm. Let y =

either EI or GJ Either can be expressed as 4§ {(a % bx) » where g is
the correct.on constint (1.13356 for GJ and 1.0 for El). We assume
Y to be the arithmetic avarage value of y over the span, i.e.

.3
y= & (@a+bx)” — ) y=k

!
4 5

0 P L

L P 3
- _ ydx = 9 (a +Dbx) dx + k (L — p)
L y -C} o 0 :

| B
From which, upon integration, = 2{5— L(a -i-bp)4 —-— 14]-{7k {1 --I-..E)

Putting in numbers for the a's, b's, k's, q's, p. and L

—_ 2
= 6,547 x 105 # in,

=3.285 x 105 # in.z

2

and
There are the values of EI and GJ used in the frequency analysis of the solar
array For comparison purposes the original values were EI = 3,962 x.
10 # mz and GJ=3.010 x 10° # m (constantly).

Mass per Unit Span Length,
Substrate

Surface density 9| = 0.056#/&2

. 056 .2
= _1_7;7? = 0.0003889 #/m.
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/
WO = o ,kl = .00035339 x 36.7 = 0.01427 #/in.
Cells
. . 2
Surface density G, = 0.300 #/1t
. 300 . 2
\ = *“m = 0.,002083 #lln-
W, = o3 Qz = .002083 x 32.8 = 0.06833 #/in.

Tube and Strips (One Tube)
Material weight density /), Titanium Alloy = 0.160 #/in!

C‘)3 = t‘p (Stube+ Sﬂats + + S

connecting strip bottom strip>

= .006 x .160 (7.076 +.800 + 1.125 +.300)= 0.00893 #/in.,.

Root (x =0)

u3 = .006 x .160 (7.i70 +.800+1.125 +0) = 0.00873 #/in.for

constant section (100 =< x =< 216)

Over the tapered region of the tube section ( 0 =< x =< 100), @3 is
!

linear with respect to the effective radius r, which in turn is linear with

respect to x. Thus, the average C«)3 is:

— _ [.00893 + .00873 | ) 1
W, _( . x 100 + .00873 x 116} =~

= 0.008776 #/in.(one tube).

Total (array) weight per inch of span

o=y, + w, + 2 CJ, = .01427+ .06833+2 x .008776

= 0.10015 #/in. : 124
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R - 2
13 =2 x .00873 (19.75) + (.84734)

and the required mass per inch of span, /“ ,» for the array, assumed

constant over the span, .»:

(W2

= 0.0002594 # sec? in.‘z

i . 2001
/‘/L:—%(l = 350

ke

For comparison purposes, the original value was 0.0003041 # :sec2 in -2

"Mass Moment of Inertia Per Unit Span Length, r

I P ) A 5 4 - At X . 014 ( . ) — . L4 / .

cells

"

1 1 2
L=1 @, A Tz % 0-06833 (32.8)° = 6,126 #in2/in.
Tubes and Strips (Two Tubes)

_ 2 _ 2, — 2
I3 = 2 Wy dz21 =2 @ @+ 7%

where d = Distance, array é to g of tube = 19,75 in.,
-2
1 = r

o 3 and r = radius of circle with same enclosed

area as tube. r is an effective radius of the tube for purposes of

approximating the 1 of the tube.

— 2 _ 2.560
r = = = 0.8147, Root (x = 0)
T e = 2. 662 = 0.84734, constant section (100 < x < 216)
T
r 2 . 2 | 2
13 =2 x .00893 l_ (19.75)" + (.81487) _} = 6.978 #in./in, Root (x= 0)

6.823 #in?’/in.. constant

section (100 < x =< 216).
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Over tapered region of the tube section, I varies linearly with respect to
the weight/inch, oy very nearly (the ef ert of I variation is minor), and

Log in turn varies linearly with x, as mentioned prekub‘y.

Thus the effective 13 is

- (0.97§ _ €823 100 46,823 x “6) .231_6 = 6.859#in"/in.

(two tubes)
Total (array weight moment of inertia per inch of span:
T = Il + IZ + I3 = 1.602+6.126+6.859 = 14.587 #in.Z/in.

and the required mass moment of inertia per inch of span, Y , for the

array, assumed constant over the span, is:

14,587

_ 2. .
38607 = 0.03779 #sec”indin.

1
V=3

Natural Frequencics

The natural frequencies are calculated from formulas in Reference 20,

pages 458 and 459.

Bending Frequencies (Cantilever Beam)

~ El
“ = & 4

where ai = 3.52, a, = = 22.04 (Den Hartog gives a, = 22.4, but this value
is a mis-print as an independent check will verify}), a; = 61.7, EI=6.547
x 10 #‘n?. /4= 0.0002594 # S<c2m.2. and L=216.0in. (L¥= 2.177 x

109 in.). The parameter \/ is:
7
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EI , = . 5
= = 0.527 x 10 . , -
/"L‘} J = 5 = 1.0767 Sec

2.594 x 10 " x 2.177 x 10

The original value was 0.7736. Th.s, the new bering frequencies
reflect a 39.2% incrcase. Using the values given above, and f 2%%- ,

we find the bending frequencies are:

%) o £
Mode rad/secc cps
1 3.79 0.60 (was 0.43)
2 23.73 3.78 (was 2.71)
3 66.43 10.57 (was 7.60)

Torsional Frequencies (Torsional Cantilever)

GJ
W, = a =
n n bfLZ
, _ - 5,. 2
where a, = 4,712, a, = 7.854, a; = 10.9906, GJ=13.285 x 107 #in.

and ¥ = 0.03779 #seczin./in. L remains 216.0 in (L2=46. 656 in?).

The parameter:

5
GJ ~/ 3.285 x 10 e -
Y2 = N o7 % gsese . T 13003 sec

The original value was 11.70. Thus, the new torsional frequencies reflect

a 16.7% increase. Using the a values given above, and { =L , we find

2 T

the torsional frequencies are:

D f
Mode rad/sec - <ps .
1 64. 32 10.24 (was 8.77)
2 107.21 17.06 (was 14.62)
3 150.10 23.89 (was 20.42)
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7.0 THERMAL ANALYSIS

The thermal anaiysis is based on the design criteria given in Section
4.0 and the deta.i design coniiguration preserni ‘4 in this report. For the

purpose of this analysis . Mars' mission is assu ~d.

The analysis is limited to consideration of the solar array structure in
the deployed position. Thermodynamic behavior during launch and prior
to deployment depends upon the relationship of the deployable solar

array to other vehicle systems which is not defined for this program.
The work presented in this section includes:

1. Basic physical measurements of the thermal radiative

properties for design associated materials.
2. Detailed computer results of a thermal mathematical
model developed for a specific design configuration

and using the radiative property date of 1.

3. Design verification tests conducted in a thermal vacuum

chamber of the array model.

Finally, the results of this thermal design are discussed as they relate to

the design criteria of Section 4.0.

7.1 Radiative Surface Properties of Materials

Monochromatic room temperature reflectance data is presented for several
of the materials associated with the deployable solar cell array. The data
is integrated against various source temperature Planckian blackbody func-
tions to yield a curve of total normal emittance as a function of source temp-

erature,.

The Johnson 1954 solar radiation curve is used to obtain value of solar

absorptance. (Reference 3i), (Figure 7-1).

128



Q

7.1.1 Purpose of Measurements

The temperatures of objects in space are determined by internal con-
ductive paths within the object, by the surface radiative properties of
the object and by the external radiative environment which the surfaces
see. The radiative propcities of concern are the absorptance for solar
radiation and the thermal (I.R.) emittance which governs the radiation
rate of heat flow away from the object. The purpose of Section 7.1 of
this report is to define these properties accurately, so that a thermal
model of the array and beam may be created. This model which may
be used to compute temperatures for various conditions of environ-

ment is discussed in Section 7.2.

7.1.2 Definition of Terms

Definition of terms used in this report are given below:

Normal Monochromatic Reflectance:

Ph: The ratio of the reflected radiant intensity from a body to that
incident upon it at a particular wavelength, when the incident

radiation is directed normal to the surface.

qﬂ ., Monochromatic Absorptance:

The ratio of the absorbed radiant intensity by body to that inci-

dent upon it at a particular wavelength.

€ : Total Normal Emittance:

n:
The ratio of the emitted radiant intensity, integrated over all
wavelengths) in a normal direction to that of a blackbody at the

same temperature .

€. Total Emitlance:

The ratio of the emitted radiant intensity, integrated over all
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wavelengths, cmitted by a planar body into a solid angle of

2 7y strradiaa to that of 4 oiackboady ot the same teniseraturge.

E Monochromatic Emittance:
A

Y

The ratio of tiie emitted radiant intensity to that of a blackbody

at the same temperature at a particular wavelength.

ds. Total Solar Absorptance:

The ratio of the radiant intensity absorbed by a body to that
incident upon it from the sun as defined by the F.S. Johnson

curve of Reference 1. (Figure 7-1).

2
/-/A- Monochromatic solar intensity (Watts/ & - cm ) as defined by

the Johnson curve. (Figure 7-1).

' 2
Ia: Monochromatic blackbody intensity distribution (Watts/u - cm ),

a function of temperature given by Planck's function.

The use of emittance, reflectance and absorptance in these definitions
rather than emissivity, reflectivity and absorptivity indicates that the
values given are for real surfaces and include the eifects of application
technique, substrate, and environmental degradation. ‘In this report
where the terms having the suffix “ity" are used a theoretical value,
or a laboratory measurement of a chemically pure substance on a

completely flat substrate, is intended.

7.1.3 Apparatus and Procedure

All measurements were made in the Space Science Laboratory of GD/
Astronautics using the same apparatus and procedures as were used

in the AIA Round Robin Program. These are described in Reference 32.
This apparatus includes a Cary Model 14 Spectrometer and associated
integrating spherc, a Perkin Elmer Model 13 Spectrometer with an

associated hohlraum.
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7.1.4 Results

The materials measured during the subject phase were:
1. The epoxy fiberglass substrate

2. The teflon coating of the cushion material used on the rear

of the solar array (side away from cells)

3. Various preparations of the same titanium alloy Ti-6 AL-4V
used in the construction of the beam. These include:
a. DPolished material
b. Blue oxidized coating (1000°F) from test section.
¢. Blue oxidized coating (1 OOOOF) from lab flat material.
d. Green oxidized coating (IZOOOF).
e. DBrown oxidized coating (I300°F).

f. Dust blasted-brown oxidized coating (1l 300°F).

The oxidation process attempts to raise the value of the thermal emit-
tance of the surface. For interior surfaces a high emittance tends to
lower front to back temperature gradients on the beam. A high value
of emittance also lowers the dg/& ratio, lowering beam temperatures
in the full sun. The low cinittance value of the polished titanium is
useful on the beam side away from the sun. This lowers the heat loss
rate to space and also improves the frontto-back temperature gradient,
It should be noted that the thermal emittance is a function of tempera-

ture. This data is given in Section 11.5.

The data used in the analysis for space stable white coatings were not
measured since this information is already well covered in the litera-
ture.. Some pertinent results of the measurements are tabulated below,

detailed results are given in Section 11. 5.

Surface ds €n@80°F = €,@260°F
1. Epoxy {fiberglass . 881 -
2. Teflon .851 .902 .908
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Surface . 6'\@8001“ 6"\@26001‘“
3. Titanium Ti-6AL-4V
a. Polished .532 . 134 .153
b. Blue oxidized coating (IOOOOF)
from test section. . 749 .127 . 151
c. Blue oxidized coating (IOOOOF)
from lab {flat material. L776 .159 . 185
d. Green oxidized coating (1200°F)  ,707  .189 .228
e. Brown oxidized coating (1300°F)  .769 .302 .355
Dust biasted-brown oxidized '
coating {1300°F) .882 . 544 .596

* Not measured because of temperature effects in the blackbody cavity

on the fiberglass (darkening) calorimetric data indicates €>,9,

7.1.5 Computations

The spectral data of Section 11.5 was processed using an IBM digital computer
to produce the values of total normal emittance € n, and solar absorptance,

s , given in the tables of the same section.

& nwas determined using the relation

A = 32 -
(-A)an aal+(1-P) 2 AA
€r(Gr) = 2.y LR " 24 ) 23297

{36,

where ¥ A is the plackian blackbody function corresponding to T°K.

dg was determined using the relation
A =7
S (-A) HAAA

-
—

W

_ A=,
qs_r\ﬂ

g.s ,H}‘AA

The results are given as a function of blackbody temperature for each sur-

face coating.
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The value of solar absorptance is also plotted, a solar temperature
(10,4000R), for purposes of comparison. V

«iues of total normal emittance,

' n » were used to obtain values of total en..ttance, € , from Figure 7-2.
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7.2 Analysis of Design Configurations

In order to determine representative temperatures for the array and
beam in the environment of space, a thermal mathematical model was
created for use on the 704 computer. The configuration is shown in
cross-section in Figure 7-3. A section 10 inches in iength was con-
sidered long enough to properly represent the internal radiation net-
work. This section was divided into 23 nodes on the basis of near-
isothermality. The nodes are shown in Figure 7-3 by the circled
numbers. All internal and external view factors and conduction paths
were computed for the model. The path length and heat flow cross-sec-
tional area for each conductive path was'determined using the physical
properties of . 006 in. thick titanium alloy Ti-6AL-4V. The model
includes 24 nodes, 22 conductive paths, 168 radiative paths where
seven of the nodes are subject to 442 BTU/HR-FTZ ‘'of solar radiation.
The performance of this system is examined in this section for

various coatings applied to the titanium as discussed in Section 7.1.

7.2.1 Beam Analysis for Blue Oxidized (IOOOOF) Titanium Alloy With
a Polished Rear Face

The beam of Figure 7-3 was analyzed for the blue oxide and polished
titanium coatings"of Section 7.1.6. Nodes 1 through 10 and 23 had

this blue coating both sides. Nodes 11 through 20 were polished out-
side, blueinside. Node22 was considered fiberglass both sides which
is representative of the array. An internal and external radiosity net-
work was computed and program runs were made to evaluate steady-
state temperature distributions for the system. This is shown in

Figure 7-4.

7.2.2 Beam Analysis for Blue Oxidized Titanium Alloy With a Polished
 Rear Face and White Paint Front Face

The same beam model was evaluated for the blue oxide and polished
titanium coatings of 7.1.6 as in 7.2.1. However, the outside of nodes

1 through 5 was considered painted with a U. V. stable white coating such
as S 13, having a solar absorptance of  =,2 and € =,85. After comput-
ing the interr..i and external radiosity networks, the temperature distribu~

"-5 were computed. 1L
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7.2.3 Effect of Brown Oxidized (1300° ¥) Titanium Surface on Beam

Temperature

To supplement the precise analysis per: -med on the blue oxidized beams,
a simplified mathematical model was Con; ructed including 4 nodes, 2
conductive paiths and 5 radiative paths. T,""\,‘% model was used to predict
the maximum temperatures and temperaturé‘%’gradients for brown oxidized
beams in both Earth and Mars vicinity. ‘ ‘.‘“

Figure 7-6 shows the maximum temperatures predicted for blue oxidized
and brown oxidized titanium beams as a function of solar flux. Figure7-7

shows the change of temperature gradient.

7.2.4  Simplified Solar Array Analysis

Using the measured thermal radiative properties for the fiberglass sub-
strate and the teflon - RTV damping pad material, a simplified thermal
analysis was performed of the solar array. This analysis assumes the

following properties for solar cells with cover glass:

.782

I

A
s

|

€ . 82
The analysis accounts for front to back temperature gradients due to the
generally poor conductive properties of the glass, fiberglass, RTV and

bonding agents, Assuming the following physical properties:

backside damping pad area 3.0%
backside fiberglass area 97.0%

. . BTU
conductivity damping pad . 026 HR FIOF
" fiberglass .17 "

" glass .3 "
thickness f{iberglass . 006 in.
" glaSS . 025 in,
" damping pad .12 in.
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Considering a space environment and solar orientation at 1 A.U. where

the solar constant = 440 _B1U > the following temperatures are
HR T
realized,
K
Solar cells 131°F
Rear Fiberglass 129°F

Rear Damping Pad 80°F

7.2.5 Substrate Edge Connector Analysis

The substrate edge connector is coated with Cat-A-Lac 463-1-8 epoxy
black paint. The temperature of this connector, assuming no conduction

to-adjacent materials can be calculated from the relationship

X = —_—
SA 2 &€ A 100

1/4
S o< ) _ [T )
€T * 100
BTU
For a solar constant = 400 HR FT2 and X /&€ =1 the connector temp-

erature is calculated to be 140°F.

7.3 Design Verification Test

In order to verify the beam temperature distribution of 7.2.1, a thermal
vacuum chamber test was devised. Since a solar simulator was not avail-
able for this test, it was determined that the test could only check the
thermal model for conduction paths within the titanium and welded joints
and the radiosity-network corresponding to the internal surface oxide
coatiné. Assuming that the temperature predicted for the front face for
colimated solar energy is accurate, the test should then produce corres-

ponding backside temperatures to that of the model.
7.3.1 Test QOutline

The beam test section with a blue oxide coating on the front face and a

_
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polished rear face was suspended within a thermal vacuum test chamber
as shown in Figure 7-8.  The front face and associated fiberglass panel
and heat shield were mounted oppacsite to a blanket heater and radiating
on the backside to the chamber coi. wall which was maintained at -285°F.
The backside of the heater was in;ulacd (multiple reflective shields) to
prevent heat loss and electrical energ, was dissipated within the heater
blanket until the front face attained 350°F. Thermocouple instrumenta-

tion is shown in Figure 7-9,
7.3.2 Test Results and Correlation of Analysis

The temperature distribution on the test article are shown as a function
of beam position in Figure 7-10. For the test article with the front face
set at 350°F, the back face {thermocouple 8) reached 176°F. This
value compares to 180° F for the analytic model. Several deviations

in the shape of the temperature curves may be noted. 'The fiberglass
panel runs at a higher temperature than the analytic model. This is
explained by its inability to reject heat in the direction of the heater
blanket--as it would in space under sunlight. The elevated fiberglass
panel temperature tends to elevate the beam temperature at the location
of thermocouples 12 and 13. Thermocouples 10 and 11 are at lower
temperatures than the model because of the action of the shield. The
most significant deviations in test results from analysis are to be

found in the temperature differences between nodes 12 and 13 and 10
and 11. The temperature difference at the weld joint between upper and
lower halves of the beam indicates that the assumptions made with regard
to conductance at the welded joint were incorrect in the analytic model.
This will be corrected for future runs. A tabulation of signiﬁéant test

data is given in Table 7-1.



Figure 7 - 8b Beam Section in Thermal-
Vacuum Test Chamber

Figure 7 - 8 a Polished Rear Surface
of Test Beam Section
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Test Data of 1-11-66

Blue oxidized beam with poiished rear face

-7
Steady-state temperatures, Pressure 4 x 10

108 watts, Heater Area 117 sq. inches

Thermocouple

’ [ ST e T Ty N T W T wmemm w0

@ N oA Wy

0

10
11
12
13
14
15
16
17
18
19
20

rubber blanket

Position

Beam

n
n
"
[1]
”
L1
"
11]
n
(1]
L L]

Titanium flange
Fiberglass

"

Heater

Cold Wall

Table 7-1

Torr, Heater power

o

Temg F

350
346
268
324
342
255
214
177
229
264
251
221
241
399
362
270
392%
394 %
-285
-287

* Heater temperatures low probably due to poor t/c attachment to
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7.4 Relation of Thermal Design to Design Criteria

7.4.1 Substra.c Design

The substrate configuration and materials «re compatible with the thermal
requirementgof Scoction 4, The total hem: jherical emissivity has been
measured for‘:\the fiberglass-epoxy sheet and the teflon damper pad surface.
The test data indicate € > 0.9 for each mate‘riall. The solar cell temper-

atures predicted axe below the maximum statein Figure 4-2.

The distribution of damper pads on the rear surface of the substrate pro-

vides a minimum effect on front surface temperature.
7.4.2 Beam Design

The beam has been designed to control temperature and temperature grad-
ients within limits necessary to meet design requirements. The brown
oxide surface has been selected to maintain temperatures below 300°F
throughout the mission. Predicted gradients are below 80°F. Lower
temperatures and gradients are attainable using white paint, however,

this method of control requires additional weight.

The temperature distribution through the beam has been analyzed precisely
for the blue oxide coating. Temperature distribution for the brown oxide

coating will have a similar shape but translated to the lower range predicted.

The beam temperature distribution analysis is based on solid titanium
attach strip connecting to the substrate. The effect of lightening holes
in the edge attach strip will be to make the temperature distribution more

symmetrical.

7.4.3 Effect of Thermal Gradient on Beam Deflection

The temperature difference between the beam surfaces will cause the beam
to deform into a circular arc. The amount of deflection € , can be calcu-

lated as a function of beam height and thermal coefficient of expansion of

“
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the beam material.
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The relationship between the length of the upper and lower beam surface
is given by )
— + ™
SZ = S1 (1 AT)
where X = coefficient of thermal expansion, 5.2 x IOfb/oF

alsoSl:-_ r & and 'SZ = (r + h)&

where h = height of beam
It follows that S2 = r&8 + h 8 = S1 + h&

S (l+£ AT) -
and O .2 1 p U~ ) S
- h - h

1
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For S = 216

X = 5.2 x 10'6

h = 1.75

1 5. 10
We have 6‘: 26x137§x AT

—6.42x 10 Y AT

This relationship is plotted in Figure 7-11. Figure 7-12 shows the rela-

tionship of beam deflection to solar irradiance.
7.4.4 Effect of Beam Distortion on Solar Power

The beam curvature will cause the angle of incidence of solar radiation

to vary along the length of the solar array. Assuming a cosine law

variation, the total power available to the curved array can be expressed

as:
Solar Radiation

s
W = w g Io cos & ds

where w == panel width

o
L= normal power intensity }
'

s = length of array
The total power available at normal incidence to
a flat panel of the same size is

Wf: WSIO

The effect of curvature on power conversion
can be shown as the ratio of curved panel

available power to flat panel aswailable power

o Wc W 0 Io Cos & ds s
efficiency= =

We Ws 1

I s
2 g cos & ds
s
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substituting s=r & gives

(&) .
cos & d Gzﬁlrl—é—ef-

B e et

w
C
Wi

Q1=

This efficiency function is plotted in Figure 7-13. A curved panel with a

deflection angle of 8. 7° at the tip would have an efficiency of .996. This

would correspond to a flat panel whose angle of incidence was arc cos. 966
. o .
or 5 .
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8.0 WEIGHT ANALYSIS, DEPLOYABLE PANEL ASSEMBLY

Weight variations are;falculated assuming that all sheet thicknesses are
maximum or minimurx;; based on design tolerance allowables. Where
sheet thickness toleranzngs are not specified on dravings, commercial
mill tolerances apply. Weight variations are c‘?lculated for use in

satisfying the design criteria requirements as follows:

A. The first mass moment shall vary less than 5%
as measured about the spacecraft thrust axis
during powered ﬂighf. For the design presented,
the requirement pertains to the array and sup-

port structure in the stowed position.

B. Cantilevered stiffness to mass shall vary less
than 10%. This requirement pertains to the

substrate support beams with substrate in the

deployed position.

Thrust

/_ Axis

=
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The hypothetical variation in the first mass moment about the space-
craft thrust axis for the stowed array assuming all sheet thicknesses

maximum or all'minimum is calculated as follows:

Based on Weight (min)’
Wt o+ =0
. _ min min
(mass) 8 ) )
_ gO.SZ (32 + 1’913)2 = 62.17 lb-iﬂ."Sec2
Based on Weight (max)’

(£+x )

Wt
max

I __{max)
(mass) g

= %%-3972}. (32 + 2.009)> = 68.91 Ibs-in-sec®

The variation, then, is,

68.91  — (68.91 + 62.17) 3.37

1
i Z = - = * 5.1 %
> (68.91 + 62.17) : p——

Based on Ryan's experience with solar panel fabrication, a variation of

s 2.5 % is reasonable.

The hypothetical variation in the cantileverd stiffness to mass ratio of the

deployed substrate structure is calculated as follows:

W T L T ST OGN Vs Wy L | ] L] N T L] L

Based on maximum stiff beams and minimum weight substrate,

K _ _ .0259%  _ | a5 in.”>
Wig 756 386, 4 Ibs-sec’
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Based on minimum stiff beams-and maximum weight substrate,

K = .02398 = 1.22 irl.b 2
W/g 7'57/386.4 Ibs. -sec
The variation, then, is
l N
1.33 = 5 (1.33 +1.22) 005
-12- (1.33 + 1.22) 1.275

1+
N
w
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9.0 MATERIALS

9.1 Introduction

Materials used in the design have been chosen with regard to the func-
tional and environmental requirements stated in Section 4.0. The -
selection of materials has been based on their ability to withstand deep

space environment. Resistance to solar radiation, penetrating radia-

. tion, hard vacuum, high and low te mperatures and other factors have

been considered. Although a large number of materials can meet these
environmental conditions, the special requirements of the deployable

array concept have largely dictated specific materials choices.

One significant factor affecting material selection is the sterilization
requirement of 108 hours at 145°C. During this procedure, the array
structure will be in the stowed position in which many components will
be deformed from their natural shape. The process precludes the use
of many otherwise acceptable polymeric materials which would be
expected to creep during sterilization. However, all materials which
have been designated are heat resistant and capable of withstanding the
sterilization procedure. It can also be noted that as a rule, the higher
heat resistant polymers are more stable in the deep space environ-

ment than those of lower heat stability (Reference 21 and 30).

Non-magnetic materials are used throughout the structure assembly
except for the drive motor. Metals used in the structure are magnes-
ium, aluminum, titanium, corrosion resistant steel, beryllium-copper
and brass. The non-metallic materials can be classified as epoxy,
teflon or silicone. A summary‘list of materials is given in Para-

graph 9.7.

Materials have been selected whose properties are well known and which
can be processed within the state-of-the-art. Materials whose imple-

mentation would require research programs have been avoided.

Limited materials testing and process development have been conducted

as needed to establish properties or processes peculiar to the design

170

e ALl TS oipesy & L v s e a N R e e ogh S 4



requirements. This work has been previously described in the prelim-
inary development report No. 20869-1 (Reference 8) and is summarized

herein as it pertains to the selected design.

9.2 Beam

-~

N

Both metaic and non-metal%ic beam materials were considered. Titan-
iun \w;,‘{"f";‘selected as the prekerred beam material because of its superior
Wpapping propsrties and its stability while wrapped during the heat-

sterilization process. Several glass fiber reinforced plastics were also

found satisfactory, but are inferior to titanium.

Titanium (6AL-~4V) was selected because of its high mechanical properties
in the annealed state, weldability, and good fatigue properties. During

the development forming program, the preferred process was to seam weld

‘the two sheets before forming. Forming of annealed titanium can be

accomplis_hed“at up to 1350° F without affecting mechanical properties.
Beams were déveloped at 1000°F forming temperature. However, in order
to increase emittance of the surface, a forming temperature of 1300°F

is to be used to obtain a darker oxide coating. Results of fadiative prop-

erties tests on titanium are discussed in Section 7. 0.
9.3 Substrate

The substrate material is a glass fiber reinforced epoxy resin system
employing EPON 828 resin with DION RP-7A aromatic amine hardener.
The glass reinforcement is type 113 woven fabric. This system has
good stability in vacuum over a temperature range from -400 to 350°F
(Reference 21 and 28). Substrate thickness is the factor controlling
wrapping ability. The stiffness of the glass fiber laminate will increase
only about 25% over a 250°F temperature drop (Reference 22). Typical
properties of the laminate material are shown in Table 9-1 (Reference
28 and 34). In general‘, the laminate meets the requirement of MIL-P-
25421 type L

Special edge attachment tests were conducted to measure the strength
of the thin clip type substrate-edge attachment. These tests are
171
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described in detail in Section 11. The tests were conducted at 75°F and
300°F loading a typical edge section in shear and tension. The tests
indicated the design loads could be met by increasing the substrate thick-

ness in the attach area.

For an adhesive bonded edge attachment, shear strength values will be the
same as the shear properties of the adhesive system used. These values
for EPON 934 are shown in Figure 9-1 (Reference 10).
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Table 9-1

maatebia -t S S

Mechanical Properties of Glass Fabric-Epoxy Resin

Laminates Using DION RP-7A and EPON 828

Proge rty

Tensile Strength at 75°F, psi

Compressive Strength at 75°F, psi

Flexural Strength at 7501-‘, psi

Flexural Modulus of Elasticity at 75°F, psi
Flle’xural Strength at 160°'F, psi

Flexural Modulus of Elasticity at 160°F, psi

Flexural Strength at 300°F, psi

Flexural Modulus at 300°F. psi

Test Value

64,000

50,500

85,300

3.87 x 106

74,100

3.79 x 106

33,400

3.0 x 106
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9.4 Cushioning Materials

In order to protect the solar cells during launch, a cushion arrangement
is provided on the reverse side of the substrate. Because the cushion
surface contacts thé cells directly, teflon (TFE) film is selected to
provide an inert, low friction bearing surface. The cushion is s'ilicone
rubber foam which is specified for its resistance to penetrating radia-

tion and uniform properties from -100°F to 400°F (Reference 21 and 23).

The physical properties and vacuum stability of three foam rubbers were
compared. Materials considered were Silastic RTV §-5370, G.E.
RTV-7 and Hadbar 404. Physical properties of these foams are sum-
marized in Table 9-2. Silastic RTV S-5370 was selected because of

its superior stability when exposed to 10-6 torr at 350°F. Results of

vacuum stability tests are shown in Figure 9-3 and Section 11. 4.

The foam cushion is prepared by casting the foam in place against a
primed-etched teflon film. By means of this process, no additional
adhesive is required between the teflon and the foam rubber. The

Hadbar 404 foam_cannot be processed in this manner and was not selected.

Silicone rubbers have been found to outgas wheﬁ heated at pressures
less than 10”5 torr and may deposit oily films by condensation on
cooler surfaces. These condensible products can be removed by use
of a prior thermal-vacuum cleaning treatment (Reference 30). In the
solar array design, the silicone rubber materials will be directly
adjacent to solar cell surfaces while retracted. When deployed, the
Silicone materials will be on the reverse side of the substrate from the
cells. In every case the solar cell temperature will exceed or be equal
to the Silicone rubber temperature; therefore, no condensation will

occur on'the solar cells and thermal-vacuum cleaning will not be required.
The spacer strip along the deployable beam surface is AMS 3304 Silicone

rubber. This stock is chosen for low compression set and negligible

change in hardness in space-thermal environment (Reference 30).
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9.5 Adhesives

Both epoxy and silicone adhesives are used in the array structure
depending upon material types to be joined and design requirements.
Silastic 140 adhesive has been selected for its versatility of applica-
tion and uniform properties over the design environment (Reference
21 and 26). All flexible bonds are designed with Silastic 140 and
A-4094 primer.

Rigid joints are designed with Shell Chemical Company EPON 934,
EPON 956 (EPON 934 unfilled) or American Cyanamid-Bloom FM-
1000. These adhesives meet the requirements of MIL-A-5090 or
MIL-A-25463. Principle reason for selection of EPON 934 is its
good mechanical properties at 300°F needed to resist sterilization
environment and to withstand deep space environment (Reference 10
and 21). See Figures 9-1 and 9-2 for properties (Reference 10 and
33).

FM-1000 is used in honeycomb sandwich because of its light weight,
high-peel strength and acceptability in the space environment (Ref-

erence 21).

9.6 Surfaces Finishes

Consideration of surface finishes has dealt primaril)'r with thermal
control coatings and corrosion protection. In order to provide mini-
mum weight, the use of paints to control temperature has been avoided.
The titanium beam, for example, is allowed to oxidize sufficiently

during forming to produce acceptable thermal radiative properties.

Thermal control paints which have been considered include LT S-13
methyl silicone-zinc oxide white, Fuller 517-W-1 white and Cat-A-Lac
443-1 epoxy white and Cat-A-Lac 463-1-8 epoxy black. The 480°F

cure temperature of the Fuller 517-W-1 restricts its use, but if required,
this material can be applied to the titanium beam to provide a stable,

glossy paint which will slide through the teflon suppdrt guide.
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The S-13 paint is stable and preferred for critical control requirements.
However, the material is very soft and would not be preferred on sliding

surfaces. (Reference 24)

The aluminum substrate edge connector is coated with Cat-A-Lac.463-1-8
epoxy. The X /& ratio of this paint is similar to the fiberglass substrate
and will maintain connector temperature within the same range. The paint
will satisfactorily control the clip temperature as shown in Section 7.0.
Cat-A-Lac 463-1-8 is selected because of its good adhesion and resis-

tance to damage during assembly.

Magnesium requires a protective coating to prevent corrosion in the pre-
launch environment. Dow 17 anodize treatment is used throughout the

design except in special cases where Dow 19 is employed.

Bonded joints develop superior strength on Dow 19 finished surfaces
(Reference 25). Therefore, this treatment is specified where adhesive
bonding is required. Also in locations where other metals contact the
magnesium surface, Dow 19 finish is coated with a film of Cat-A-Lac

473-1 resin to prevent galvanic corrosion,

Electrofilm 4396 (Mo S2 - Graphite) dry film lubricant is used in the gear
drive assembly to give additional protection and separation between the
aluminum and magnesium surfaces. The drive motor bearings and gear
box are lubricated with Versilube G-300 'Silicone grease--selected for

its stability in space environment (Reference 21).
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9.7 Summary of Materials Used

Material Designation

Aluminum Alloy 6061, 2024, 5050, 5056
Titanium Ti-6AL-4V, Ti (C.P.)
Magnesium Alloy AZ-31B, HK-31A
EPON 828 - DION RP-7A, Epoxy resin

EPON 934 Adhesive - epoxy

EPON 956 Adhesive - epoxy

FM-1000 Adhe.sive-:epoxy-nylon
Silastic $-5370, Silicone Foam

A-4094 Silicone Primer

Teflon (TFE) Polymer

Type 181 Glass Cloth

Type 113 Glass Cloth

EPON 1031-Methyl NADIC Anhydride, Epoxy resin
Cat-A-Lac 473-1-500 resin, epoxy |
Electrofilm 4396, Dry film lubricant

AMS 3304 Silicone Rubber .

Beryllium Copper

Brass »

Cat-A-Lac 443-1, epoxy

Corrosion Resistant Steel

Versilube G-300

Manufacturer

Shell Chemical Co. &
Diamond Alkali Co.
Shell Chemical Co.
" " "
American Cyanamid
Dow Corning

DuPont

"Shell Chemical Co.

Finch Paint & Chem. Co.
Electrofilm, Inc.

Finch Paint & Chem.Co.

General Electric. Co.
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Tensile Shear Stréhgth (PS1) at 75°F

Tensile Shear Strength (PSI) at 250°F
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Trend of Tensile Shear Strength Vs. Exposure at 300° & 400°F

{ Substrate: Chromate Etched 2024-T3 Alclad. Cure: 7 days at 75°F)

4000
Exposure, °F
~ . 300
b - ——— 400
W
3000 | T oac
o
LI S~ W B
fir 2
% Pt
Y
\.\
N
\ ~
2000
\‘
~.
~
N
™ N
~d
1000 N
500
4000
Exposure, °F
300
7 I~ —— e — 4
Y ~ | —— 00
. N
3000 Z ~
/ \\
~.
SO
~ ———
™~
\~\
2000 = ~
-~
1000
500
200 400 600 800 1000 1200 1400 1600 1800 2000

Hours Exposure

Figure 9-2

179

e . e .t & Aren m e e

R A et i A oAb A e

B —




|

§°2

1sd 9 0§
uon}dayag
uoissaidwod)

L RS

L 91-21

I S'8I1

1 1°0¢

L 9°61
1sd 9, G2 '3 °no/qr
uoryoayyad Ayisuaqg

uorssaxdwo)

aoejans

yjoows yirm papiowt ,8/1
driys popnaixa 7/ 1

aoejans

yjoouwrs Yjtm paplows,, g/ 1

adejIns uolyal

200 ° YItm paprowr,,g/1

adejans uoyyal

700 ° Yim paplowy,,g/1

uoridriosad

sweog 1aqqny 2uodi[IS jo saniadoad

2-6 219¢eL

L-ALY

»0b 1eqpeH

0L€S-S

0LeS-S

L-ALY

121133

180

N e BN RSN BN RN 0 WY O B Ty W



e o e st 5 i S 11

£ - 6 21n3g

P U R T

hoomm je wnnoep ut suwieo SUOII[IS JO SSOT] jydtom

(sfeq) 1101 4_01 B I (0S¢ 3® SWIL

6T  ®I €1 21 1T or 6 8 L 9 S ¥ €

,," ‘ ~ Ar Vot
77 /
i $0v 4eqpeq —7 \
m 0L¢s Fs 1/
w_

. L - ALY ....N

XW

t 1

ot

JuadIag - ssoOT IY3STaM

181

Figure 9-3



o

10.0 RELIABILITY CONSIDERATIONS

Due to the nature of the program and the number of elements that have
been employed in a unique manner and fashion, obtaining specific relia-
bility numbers and d§ta for use in summarizing as a numerical rating
would be largely a matter of opinion. Therefore, at this stage, before
tests could be conducted to accumulate reliability pumbctérs for the comp-

onents, the problemn of reliability was handled in the following manner.

The overall design was first divided into five basic design areas. These
areas, namely the array support beams, substrate, wrap drum, deploy-
ment mechanism and electrical provisions, were investigated in detail
by the designers. Layouts were made to investigate the problem areas.
As these la);outs gradually solidified the design, alternate approaches
were investigated to collect a number of ideas from which to evaluate
and choose a design most reliably compatible with thermal, dynamic
and space environment. As the layouts proceeded, functional reliability
problems were uncovered which could only be solved by testing models
of representative areas. This approach was fo}lowed in the design of
the beams, beam guides, substrate attachments, damping pads, elec-

trical harness leads, solar cell substrate and the determination of

- deployment torque requirements and beam bending capabilities,

As data and operating characteristics were obtained form the test
samples, these inputs were incorporated into design layouts. In addi-
tion to the information which was obtained from these tests, other infor-
mation was supplied by the technical section in areas of thermodynamics,

dynamics, loads, stress and weights as the design investigation required.

For example, thermal characteristics of the beam could effect its load
carrying and extension and retraction abilities. A technical thermal
investigation was conducted to determine beam operating temperatures.
The effects of these temperatures were studied in design layouts and

structural analysis.

Another example of the use of technical analysis to provide information

in a questionable reliability area was in dynamic analysis of the beam
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and substrate assemblies in retracted and extended positions. The analy-
sis was conducted for the purpose of discovering any possible excess

deflections which might occur that could affect functional reliability.

As the combined data from sample tests and technical analysis was accum-
ulated, the design layouts were evaluated. Design approaches which best

fulfilled the criteria were selected for further analysis.
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11.0 SUPPORTING TESTS
This section includes data and tests which are conducted to support.analy-
sis where theoretical predictions were questionable or design allowables

were unobtainable.

11.1  Actuation Torque Requirements

This test was conducted to determine the minimum extension and retraction
torques required with the beam held radially against the wrap drum. The
minimum torques required were determined when the radial forces were
such that the wrapped beam was held against the wrap drum with no defor-
mation from the wrap drum curvature between the radial force points. The
radial forces were provided by 3/8 in. dia. rollers held against the flattened
beam by a tension spring each side of the beam. The number of rollers and

»

relative positions are shown in the following sketch.

Rollers (21) Beam Wrapped

on Drum

4 J ¢
& Beam

Wrap Drum

One beam of full-scale cross-section (. 0060 in. thick sheet, 6AL-4V annealed
titanium) less beam caps (required for additional bending strength) was used
in the test model (See Figure 11-1). The torque requirements of the drive
motor for the .two beam systerﬁs should be little greater than twice test values
Justified as follows: ,

1) Stress analysis shows the wrap drum twist to be only
5.6 x 10-4in. (See Section 5.2) measured on the wrap
drum surface when transmitting the drive torque from
the drum gear to the beam at the opposite end of the
wrap drurmn.
2) The torque required to wrap the substrate is relatively

negligible (approximately 0.3%) compared to wrapping the

beam and overcoming friction in the radial force mechanisms.
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Figure 11-1 Mockup of Rollout Drum

The test was conducted by recording the force, at a given crank arm
(torque), to extend and to retract the beam. Test results for the radial
force springs at 5 tension settings are shown in Figure 11-2. The
extension and retraction torques were not equal for the radial force
spring settings chosen. If the system were frictionless and no tangen-
tial restraint forces existed at the beam-roller contact points, the

assumption is made that the retractiontorque and torque to prevent

extension would be equal.

Since the friction and tangential restraint forces would have been diffi-
cult to obtain, miniature beam models requiring no radial force restraints

(See Figure 11-3) were employed to justify the above theory assumption.
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Figure 11-3  Miniature Beam Test Model

Due to the complexity in determining the effective area over which the
beam flattening load is applied, the torque required is determined experi-
mentally and from this an effective cross-sectional beam stiffness may

be computed using the equation,

El
M=T=1f xr = ———éﬂ
Wrapping Troque
T
Wrap Drum
Beam r
—\ Flattening Force

f - < -

—_— Al_u.ude
Direction of Movement Block

For miniature beam model A,

b1 = .67 in.
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't =.,0075 in. - Radius

to system friction,

‘within 14% of test data by using bending stiffness of the flattened beam rather
than an effective stiffness of the partzally flattened beam. '

b =.71 in.

2
=, 499 radians \/

Beam After Flattening

radius=.7 in. I=.25 x 10-7 in.4
r =.75in. Beamn Before Flattening .
Material -~ Stainless Steel
El 6 -7
{flat) _ 29x10 (,25x10 ) _ g4 _
T(extend) - T - .75 = :97in.- lbs

The test torque, after correction for torque resistance of . 094 in-1bs due

T =1.13 + .094 = 1.22 in-lbs.
teSt(exte:nd)

T =1.32 =~ .094 = 1.22 in-lbs.

te Bt(retrau:t:)

This correlates with the theoretical assumption. Theoretical torque calcu-
lations were within 20% of test data by using bending stiffness of the flattened

beam rather than an effective stiffness of the partially flattened beam.

A secom‘l mnuature beam of a closed cCross- sectmn also showed test correla= -

tion thh theoretxcal assumptmn. Theoretical torque calculations were

The retraction torque and the torque to prevent extension is now calculated | i
for the beam of full scale cross-section by compensating for torque due to ‘ :
1

systerb friction:

EQN 1). T(friction) = T(test) - T(retract)=66 - T(retract)
EQN 2) T(friction) = T(test) + T(extend) =35 ‘," T(extend)

T(extend) = T'(friction) 35




since T =

(retract) EQN 2) is substituted in EQN 1), .

T(extend)'

T(Iriction) = T(test) - [T(friction) - 35]

(test) 66 +35
T(fnct:on) = 2

= 50.5 in-lbs.

and substituting in EQN 2),

T iextend) = Tiretract) = 99-5 = 35=15.5 in-lbs,

By analysis, using stiffness properties of the flattened beam,

6 P/

which is 1.5 =9.7%0f T

15.5 (extend or retract)

~ Since the :ests ‘were conducted at room temperature the retraction torque

o data for the qu sca.le cross- ~gection beamis conservatxve by the affect of

the percent reductmn in modulus of the 6AL-4V titanium beam materza.l at

the temperature expected when retraction occurs (approximately 150°F in

the vicinity of Mars). This modulus reduction is 3% using Reference 3. In

addition, the presence of the beam caps will increase the retraction torque

requirement (i,e. test data to be unconservative) to bend the flattened beam

by the affect of the percent increase in bending stiffness of the flattened beam.
4 Beam Beam Caps

Test Beam : ;
| \__ — T

5 _‘j, , 1.02
3

Material ~ ,0060"

”
N 4 ) thick 6AL-4V Annealed
Cross-Section of Titanium.

Flattened Beam 7
A I - x(beam CaP') = 5- 62 leo- = 97.6%
Litest beam) 4,77 x 107
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which affects the system torque by 97.6 x 9. 7% (15' 2 =2.2%

66

The retraction torque test data is therefore, unconservative by 2.2% - 3% 1—65(;'5_)

= 1.5% . Retraction torgue requirements of the system are calculated as
(66 x 2) (1.015) = 134 in-lbs. - The available torque for the drive motor and
gear box selected is 219 in-1bs. )

The test beam was fabricated of . 0060 in. thick sheets. If the sheet thick~
nesses are increased to a maximum . 0065 in., the retraction torque require-

ment of the system is increased by an additional percentage calculated as

follows:
3
. 0065
15.5 (—_‘6‘ -~ 15.5
AT = .026' = 6.4%

The retraction torque requirement of the system would then increase to
(66 x 2)(1 +.064 +.015) = 142 in-lbs.

Extension torque data is conservative by a negl1g1ble amount. The expected

- beam temperature durmg extensxon could be less than 75° F, resulting in an

mcreased modulus value and a reduced extension torque requiremeht,
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made as follows:

11.2 Beam Bending_

This test was conducted to determine the vertical plane bending capability

of the cantilevered deployable beam. The test model used (See Figure 11-1)

had a full-scale cross-section beam (less beam caps) fabricated of 6AL-4V
annealed titanium .0060 in thick sheets. If the sheet thicknesses are

increased to a maximum..0065 in., the test data is conservative by 8. 3%.

The test was conducted at various deployed length positions of the beam.
A steady-state load was applied at the end of the beam. The beam is con-
sidered as if it were extended one-half length further to simulate relative
load C.G. position for the actual loading condition which is a 0,2 g steady-
state load during cruise maneuver between Earth and Mars. The test was
conducted in each of two directions until beam buckling occured. The test
re'sults are shown in Figure 11-4, Since the beam was tested at room
temperature, the design requirement is increased by the 6% reduction in

modulus (Reference 3) for the 250° temperature expected. Calculation is

.

(W, Ng) = (-275)(.2 x 1.25) x 1.06 = .073 lbs. ult.

P {3 ———

————

. ‘(w,xgr ‘ (W, )g)

BN

M, = .073 x 216 =15.8 in.Ibs. ult.
(W,Ng) = (13.167)(.2 x 1.25) = 1.06 = 3.489 lbs. uit.
M, = 3.489 x 108  376.8 in. Ibs. ult.

v = .073 +3.489 < 3.56 lbs. ult.

M = 15.8 +376.8 = 393 in-lbs. ult.

This calculation does not compensate for reduction in bending allowable due
to the presence of shear and torsion in the beam. It does not 'ipclude shear

and moment effects in the lateral plane which will be considere\d later.
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Applied Test
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‘\ Down Test Model
}>— Shear ‘
10 5007 \
9 450+
g8 4004
7 _350+
a Last Test Points Taken
6 ,3004
5 -
5 w250+
EZSO
- §. _ N\ Shear
4 §200 L Down A Up
' Load N ' :
~ Shear NOTE: This Beam did not
3 150+ Down include cap strips which
are used to increase the
beam bending capability to
2 1004 ! the design requirements.
1 50 ¢
«@#—— Beam Fully Extended
4 -+ + } + +
0 20 40 60 80 100 120

Distance from Beam Support To Load C.G. (in.)

Longitudinal Bending Capability of Deployable Beam

Figure 11 - 4
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The beam support provided in the test model resulted in a difference
between the allowable bending moments due to loads in the up directian
vs. loads in the down direction. The differen;:e is explained by examin-
ring the shear and moment diagrams for the two conditions, The critical
shear moment interaction occurs in an area of the beam with reduced
cross-section for the down-load condition; for the up-load condition it
occurs in an area of the beam with full cross section.. The relative
shear and moment magnitudes are shown for the load C.G. 80 in. from

the beam support which is near full deployment.

Down lLoad - 35 lbs. Up :;oad } 50 1bs.
M 6 lbs/in. -
e M7 g

i Tt .

\ «3 leIln. \ WS ib /.

in- A . 365 in-1b s/1n.
. |280in .}bs 4.6 Ibs. me e

3.5 1bs - 12 — 12 ——‘

Since the point of buckling is obvious for the up-load condition whe

ring to the shear and moment diagrams,

respective shear on the calculated bending allowable is compared to the

test bending allowable.

n refer-

the effect of the presence of this




Q!

From the shear-moment interaction EQN, Reference 7, Page 8.2:

2 2 : _
£b fB —— 1
F T — -
cr cr !

b [ 1/2
fs ¢
ib = |1 = (T—) ¢ Fcx-
crs b
F = ~36 Et for r/t < 720, Reference 29
cry, r
36x16x106x 006 :
= = 3 090 = 38400 psi.
_ v 4.5 _ .
e = mr = zZx1.7x.006 = 2206psi

F.,. = 110}2 psi, Calculated in the Preliminary Development
s Report, Reference 8, page 107

1/2 .

2206 )

fb = E - Tm) ] x 38400 = .98 x 38400=37632 psi
Therefore, the shear magnitude of 45 lbs. reduced the rbénding' moment
capability by bhly 2% raivt full-beam cross-section. The calculated allow-
able bendix;g morhent'is:

.01199

X ———:—9-6— = 501 in:lbs-

. 1
M= (.98 F_. ) x - = (37632)
' b
This bending moment is greater than test. The coefficient, K, in the EQN
for F.. is therefore corrected to K = .25, rather than .36, as suggested

in the preliminary development report, Reference 8, page 98.

4

M =501 (_gg.) =348 in-1bs which is 4. 7%

conservative with respect to the test result and therefore good correlation.

By examining the shear and moment diagrams for the final design support

. condition, it is difficult to assume the critical shear-moment interaction area.
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Mom ent,

A 55 1bs/in,

393 in-1bs. ¥
/1
v A
* \f_ ' A t ] .55 1bs/in.
7

30 6 lbﬂ. &

‘ Loads May be in
5 lbs/in, Direction Shown

I 6. 5% or Opposite

100 -
80 -
60 -
40 -

20 -~

Shear, lbs, ult.
°o

Full Beam g o Reduced Beam

Cross-Section Cross-Section
[ ]

. NV O
o
©
]

in"lbs. l.llt.

Therefore, the beam is analyzed for the interaction conditions at both the

point of maximum moment and at the point of maximum shear.

The shear effect on bending capability in the area of maximum shear is

calculated by use of the interaction EQN,

1/2
_ (fs ) 2
Effect= ]| —~ 1 - F
\ Ccrg
v 90 _ .
= Zht = ZTxT-6z%x 005 = 4630 psi -
: 2 Ref 7, page 6.9
t ’(TZ K = 55 for clamped
Fcr = Ks Ec v/ ° 2 edge conditions
12 (1 — M9 g
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Beam Cross-Section

i
v 2 2
F__ =55 x 16 10° ('T-O—g-"-) . T s— =19199 psi
s < £ 12 (1 — .24%
4
1/2
Effect = 1 1 1 (4630 )Z = 3% reduction in bendin
ect = = P = \T9199 = g

capability

The 3% reduction is not great enough to change the criticai area from that
at full beam cross-section. This reducti;m is based on vertical plane load
conditions only. The effect on vertical plane bending due to the presence
of torsion and shear induced by lateral plane substrate tension (See Section

‘5.11) is calculated as follows.

The effect of torsion outside the guide sleeve at full beam cross-section is

1.11 1bs/in. ult.
— Beam Substrate Tension
-85 | _Lafeam Ends

Loads Inducing Torsion in Beam
Cantilevered'-&-t-— Support Portion
o0 . __Portion of Beam of Beam
Torsion,
in-1bs ult. 20
40

f = T = 43.5 x .85
s 2At 2 x2.56 x.006

calculated as,

= 1204 psi ult.

t T°

2
F = K E (— x » Reference 7, page 6.7.
cry  ® l‘) 12 (1 — M%)

]
for ’the load distribution, 2 is8 considered = .25 x 4 =28 in.
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2 2
Fc = 8x103x15.4x106 (—%(?-) x _I__'_T = 4936 psi
s 12(1—-24))
From the bending-torsion interaction EQN, Reference 7, Page 8.2:
f * (1204} 2 | |
Effect = T‘i— = (4 = 5.9% Reduction in bending c;pability
s
The torsion effect in the area of the guide sleeve is considerably

less and therefore no calculation is shown.

The effect of lateral plane shear in the area of the guide sleeve compared
to vertical or lateral plane bending is calculated as follows (this calcula-
tion is made considering the presence of the beam caps as acting to reduce

the effective shear panel width, b).

81 lbs/in. ult.

571 in-lbs. ult.

|
w vb\fﬁtlgﬂg%&ewdm”m.

43 1bs,. ult.

81 lbs/in. ult.

Full Beam “#«—{—p= Reduced Beam, Cross-Section

150

- /X
Shear, 100 - /
l1bs.ult.

50 - J

0 .
. /
\L + - .
50 - -~} Critical Section for Vertical

Plane Bending
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1/2

§f =¥ _ 106 +90
s ~ Zht 2x1.62 x.006

= 10082 psi

12 1 2 Reference 7, page 6.9
Fcr = K'E (.5) . ) ' K’ = 55 assum.
. 12 (1= M7
6 006 1’
Fcr = 55x16x10 ( 5— = 19199 psi
12 (1 - .247)
1/2

Effect = (ig?gg) = 15% reduction in beam bending

capability

This 15% reduction is not great enough to change the critical area from that
at full beam cross-section. Therefore the beam is critical in elastic
compression buckling at the outboard edge of the guide sleeve. The reduc-

tion in'vertic,a,l pléne Beamr bending capability is summarized as,

Reduction due to shear 2.0%
Reduction due to torsion - 5.9%
Reduction due to temperature  6.0%

Total Reduction = 13.9%

This means that the calculated room temperature vertical plane beam bend-
ing requirement must be increased by 13.9%

M= (1.139) = 422 in-lbs,ult required

—————

'393)

Since M(test beam) = 365 in,lbs ult, the vertical plane beam bending stiff-

ness (I ) must increase by 422-365 =~ 16% )
xX-x 365 =

S ——
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Vertical
.006 caps Plane

— ’\‘f/\ L ;5_} "

.006 Sub- -/:-l 3 ":-— | '

strate Attach
Strip

Beam Cross-Section at
Guide Sleeve Edge

If we consider.the effective portion (Fcr > Fcy) of the titanium substrate

attach strip (.3 in. ) and add caps effectively .3 x . 006, the increase in

- vertical plane bending stiffness is calculated as,

leth caps )] less caps
increase = and strxp and strip

less caps
and strip

[ou99+z (..3 x .006). as)J — .01199
.01199 o T

increase =— . 01459 ~— .01199 = 22 % which is sufficient
.01199
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11.3 Substrate Edge Attachment Tests

11.3.1 Test Procedure

Test specimens typical of the aluminum clip-substrate to beam edge

attachment configuration were prepared using . 006 inch and . 012 inch
thick fiberglass substrate, .005 inch thick 5050 aluminum alloy clips,
and . 006 inch thick 6AL-4V titanium. A specimen width of 2.7 inches
was chosen to provide four tabs in the joint. The sam ples were tested
in tension and shear at 75°F and 300°F to determine mechanical prop-
erties. The elongation was autographically recorded to aid in deter-

mining yield strength.

Tests were conducted in a Tinius-Olsen stress machine. Load rate
was adjusted to cause failure between one and three minutes after
loading. The specimens tested at 300°F were conditioned 30 minutes .

at temperatures before testing. Figures 11-5 and 11-6 show a shear

and tension specimen in the test machine.

11.3.2 Test Results

The test results are summarized in Table 11-1. VValues repbrted are
an averagé df thr'ee' specimens tested. In the tests conducted at 75°F.
the failure mode shifted from the fiberglass substrate to the aluminum
clip when the thickness of the fiberglass was increased from .006 inch
to .012 inch. In the tests conducted at 300°F, the failure was always
in the fiberglass. Tension yield strengths reported correspond to
initial deformation of aluminum clip. Ultimate strengths represent
either failure of the fiberglass or complete deformation of aluminum
clip. Examples of 75°F tension failures are shown in Figures 11-7

and 11-8. Figure 11-9 shows a tension failure at 300°F.

Shear failures occurred when either the fiberglass or aluminum
material sheared. Figure 11-10 shows the failure of a shear specimen
tested at 75°F. In this case the substrate is . 012 inch thick and the

aluminum clip has failed.
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11.4 ° Weight L.oss of Silicone Rubber Foams in Thermal Vacuum

11.4.1 Test Procedure

Three silicone foams were submitted to a thermal vacuum environment

to determine weight loss. Test specimens were as follows:

1. General Electric RTV-7 -- 2.8" x 2.9" x 1/8" Sheet~black
2. Dow Corning RTV §-5370--2.9" x 2.9 x 1/8* Sheet-salmon
3. Hadbar 404 -- 1,0" x 1.5" x 1/2* block-buff

Sample material for items 1 and 2 was post-cured 4 hours at 300°F prior

to testing. Sample of item 3 was tested as received from the vendor.

- After initial weighing,.the specimens were placed in a vacuum chamber

and the pressure was reduced to the 10-6 torr. range and the tempera-
ture was raised to 350°F. The specimens were removed from the
chamber at intervals of 25 hours, 5 days, 8 days, and 1l days and weighed.

L ]
11.4,2 Test Results

A summary of test results is recorded in tabular form below.

Weighing Time RTV-7 5-5370 Hadbar 404

1 O(Ref. ) 3.585 5.245 3.765
2 25 hr. 3.350 5.195 3.735
3 5 Day 3.300 5.188 - 3.740
4 8 Day _  3.280 5.175 3.735
5 11 Day 3.270 5.175 3.740

(a) During weighings 2 and 3, oily deposits were noted under the RTV-7,
(b) During weighing 4, a one-inch crack was rioticed in the S§-5370.
(c) The Hadbar 404 specimen was shriveled when brought back to sea-
level pressure. This observed during all weighings after the
start of the test. '
(d) Chamber environment was 350°F + 10°and 1.2 - 6 x 10-6 torr.




L 1

11.5 Thermal Radiative Test Data

The thermal radiative data for all materials measured during the design
phase are contained in this section. The measurements were made using

the procedures discribed in Section 7.1. 3.

The data are presented in the following figures and tables.
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